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1. Accelerator and Detector

Since this is a set of experimental lectures, [ will begin with an introduction to the
experimental tools which allow the physics issues to be attacked. First we will look at
the accelerator with a special emphasis on the production of antiprotons. Then we will
briefly consider the elements of a large general purpose collider detector.

1.1, Accelersior

Much of the success of both the CERN and Fermilab hadron collider programs is due
to the achievement of the accelerator physicists in providing very large collision rates
of high energy protons and antiprotons.

The sccelerstor energy is critical for many physics processes such as high Q* QCD
scattering, W production, top quark production, b quark production, and SUSY pro-
duction (Fig. 1). In each case, to get high mas or Q3, energetic initial state par-
tons are needed. Since the parton distribution in the proton is pesked at smail
2 = Pyorton/ Pproven (Fig. 2), & bigh flux of energetic partons requires lazge proton
energy.

To cbeerve processes with small production cross sections, a large number of Fp
collisions must occur. The parameter that gives the rate of collisions is the luminosity,
defined by the relation N = ¢L, where N is the number of events produced per second
for some final state, ¢ is the production cross section for that state, and L is the
luminosity in units of em~? — sec~!. Thus if the Fermilab Collider reaches a luminosity
of 1 x 103 ern=? — sec™! next year, the total rate of inelastic collisions will be 0.5 MHs,
since the inelastic croms section is 50 x 10-¥7em3.

For an accelerator in which the particles are distributed in bunches rather than
continuously around the ring, the luminosity is given by

L= Ny NyBfe
T 4xe?

where N, (Ny) is the number of protons (antiprotons) in each buach, B is the number of
bunches of each type in the sccelerator, fo is the revolution frequency of the accelerator
( 50 KHs for Fermilab), and # is the transverse cross sectional sise of the bunches.
The transverse bunch size, ¢, is determined by both the charscteristics of the beam
and the magnetic focusing properties of the accelerator. The beam emittance (¢ =
[ d2’ dz) is the pbase space ares occupied by the beam (Fig. 3). Often the invariant
emittance ¢y = ¢ is used. It is more nearly independent of the beam energy because
of the natural compacting of phase space by the Lorents transformation. A particle
with momentum componenta P, and P, in the bunch rest frame will have aa angle in
the lab frame (2’) that is inversely proportional to the Lorents factor, v, connecting
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the bunch rest frame and the lab {frame because P, is Lorents boosted while P, is an
invariant.

The focusing properties of the accelerator quadrupcles produce a phase space rots-
tion of the beam (Fig. 4). For a particle with coordinates (2o = 0, 23) at location A,
the position at location B is

BBosindzy

where ¢ is the phase advance and the magnitude of the oscillation is determined by
the 8 function whose value at each point around the ring depends on the configuration
of the accelerator’s quadrupole magnets. The luminocsity is maximised by having the
minimum value of the # function (3°) located at the Pp collision point in the center of
the detector. The minimum # occurs when the phase space ellipse has its major axis
oriented vertically in the (2, ') plane.
In terms of the beam emittance and £°, the transverse bunch size is
enf”
== 7

Since the proton and antiproton beams can have different emittances, the effective
bunch size for & collider is

,==.EL(5L1§§)
™ 2

Thus to maximise the luminosity, #* and the beam emittance should be minimized,
and the beam energy or v should be maximized.

u . at 9 t
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Fig. 1. Production diagrams for (a) high Q* QCD scattering, (b) W production, (c) top quazk
production, (d) b quark production, and {¢) SUSY productioa.
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Fig. 2. The valence and sea quark distribution functions. Note that these are momentum
densities; to get the number densities, divide the functions by x.
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Fig. 3. The phase space diagram lor one of the directions perpendicular to the beam direction.
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Fig. 4. The phase space rotation of the beam between two locations around the accelerator.
The width of the beam at each location is indicated.
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A sketch of the accelerator complex at Fermilab is shown in Fig. 5. Protons are
accelerated to 200 MeV in the Linac and then to 8 GeV in the Booster accelerator.
The protons are then transferred to the Main Ring, the original Fermilab accelerator
located in the large tunnel. Here the protons are accelerated to 120 GeV. They are then
extracted and strike the antiproton target. Antiprotons with momentum near 8 GeV/c
are collected, stored, and phase space compressed in the Debuncher and Accumulator
tings. When the  intensity is sufficiently large, the antiprotons are reinjected into
the Main Ring where they are accelerated to 150 GeV and then transferred into the
Tevatron, the superconducting accelerator that is located just below the Main Ring in
the Fermilab tunnel. The Tevatron also contains bunches of protons that were injected
from the Main Ring just before the antiprotons were transferred out of the Accumu-
lator. The counter-rotating p and § Tevatron beams are then accelerated together up
to 900 GeV. Finally the focussing quadrupoles are raised to full power to obtain the
minimum #* and thus the maximum luminosity.

Let us consider the antiproton collection system [1] in more detail. The central
problem is to produce and collect a large number of antiprotons with small enough
momentum spread and angular divergence to be captured with high efficiency in the
Main Ring and Tevatron accelerators. In the proton-nucleus collisions in the target,
antiprotons are produced with a large angular divergence. A lith'ur !sn= (Fig. 6a) is
used to focus the antiprotons into a beam. Lithium is the material of choice because it
is the conductor with the smallest atomic number. A very large focusing magnetic field
gradient is produced when & 0.5 x 10° ampere current pulse passes down the length of
the lens. This can be easily seen by considering an Ampere circuit as shown in Fig. 6b.

fB‘ta=ﬂol‘=yo/j'dG

I .
Blxr = R Tr

ol
B=gm"
dB _ pol
dr 2rR?
1000 Tesla/meter

Both the maximum proton flux striking the target and the maximum current in the
lens are limited by the thermal properties of the materials (melting point and effects
of thermal shock).

The antiproton beam is transported from the lithium lens to the Debuncher ring
where s phase space rotation reduces the longitudinal momentum spread. The lon-
gitudinal phase space area {Ap,Az) remains constant, with Ap, decreasing as Az
increases. The antiproton beam entering the Debuncher has the same bunched struc-
ture as the proton beam that struck the antiproton target (Fig. 7). The phase space
rotation causes the bunches to become wider spatially, and consequently narrower in
momentum (Fig 8). Before the antiproton beam leaves the Debuncher, its momentum
spread is reduced from 3.5% to 0.2%.

The Accumulator ring receives pulses of antiprotons from the Debuncher, stores the
antiprotons for up to 24 hours until > 2 x 10!! antiprotons are in the Accumulator,
and during that time reduces the momentum spread (“cools” the beam) in all three
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Fig. 5. The Fermilab Accelerator Complex
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Fig. 6. (8} The lithinm lens follows the § production target. (b} A tzansverse cross section of
the lens with an Ampere circuit of radius r.
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Fig. 7. The bunch stracture of the antiproton beam entering the Debuncher.
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Fig. 8. The particle density withia a bunch in longitudinal phase space (a) when the beam
enters the debuncher and (b} after 30 turns in the debuncher.

dimensions so that the beam can be efficiently captured in the Main Ring accelerator.
Cocling is achieved using Stochastic Cooling, sort of a legal Maxwell Demon.

The Stochastic Cooling system consists of a set of pick-upe, amplifiers, and beam
kickers (Fig. 9). The pick-ups detect the position of an aatiproton that is not on the
central orbit of the Accumulator. The signal is amplified and sent across the ring where
it reaches the kickers before the $ does. The kickers apply an electric field in order to
move the particle back onto the central orbit. Since the field also affects other nearby
particles, noise is introduced into the system. Consequently the cooling process is quite
slow. Figure 10 shows the antiproton energy distribution as a function of time after
 accumulation begins. Notice that this is a logarithmic plot and that aflter 4 hours
there is a very dense core with a width of only a few MeV.

The performance of the Fermilab Tevatron Collider during the 1988-89 run is sum-
marized in Table 1. Using these numbers in the relation for luminosity does not give
the expected result because the quoted invariant emittances are for 95% beam con-
tainment, i.e. they correspond to 322 not ¢*. ,

During the next four years there will be a major upgrade of the Fermilab Collider
(2]. The goal of the project is to reach a peak luminosity of at least § x 10%!. The most
significant change will be replacing the Main Ring accelerator by s new superconduct-
ing Main Injector. As shown in Fig. 11, it will be built in & new tunnel adjacent to the
Tevatron. The Main Injector will have a significantly larger phase space aperture for
the beam and thus will be able to capture larger proton and antiproton fluxes. More-
over the new machine will have a 1.5 second cycle time, compared to the 2.5 second
Main Ring cycle. Thus there will be a larger number of proton pulses per hour on the
7 target, and consequently a higher § production rate.

The numbet of proton and antiproton bunches in the Tevatron will slso be increased
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PI1CK-UP K{CKER

Fig. 9. A schematic representation of the Stochastic Cooling system. A puck-up on one wide
of the ring detects the § position. The signal is then amplified and sent to a kicker on the
other side of the ring to move the P back onto the Accumulator’s central orbit. The typical
amplifier bandwidth is 2 x 10° Hs, with & gain of 3 x 10",
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Fig. 10. The time evolution of the energy distribution of antiprotons im the Accumulator.
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900 GeV

]

7 x 10%°

3 x 10

25 mm-mrad

152 mm-mrad

0.5 m

1.8 x 10°0cm-* = gec™]

r-qa,L L=} oo

Table 1
Fermilab Tevatron performance during the 1938-39 run

MAIN INJECTOR
(m1)

80 OETECTOR

»;

TEVATRON

5
DO DETECTOR
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Fig. 11. The Fermilab accelerator complex as it will ook after the Main Injector is built.
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1988-89 1996
Eveam | 900 GeV (1.8 TeV E_,.) I TeV (2 TeV Eem)
B |6 38
N, 7 x 1017 33 x 1017
Ny |3 x 100 (18 x 10 total) | 3.7 x 1077 (134 = 10" total]
N 25 mm-mrad 30» mm-mrad
& 15x mm-mrad 22x mm-mrad
g 0.5 m (.5 m (0.25 m poasible)
L 1.6 x 10°° em~7 — sec' | 5.5 x 100 em—2 — gec !

Table 2 -
Characteristics of the Fermilab Tevatron before and after the planned upgrade

as part of the accelerator improvement project. To see why this is necessary, we will
calculate the mean number of Pp interactions per bunch crossing at L = 5x 10%em~7 -
sec™! assuming the number of bunches remains at 6 (= 1 bunch crossing per 3.5 usec).
If R is the mean number of interactions per bunch crossing, and N is the mean number
of interactions per second, then

R=Nx35x10"%e¢c

Tinetl % 3.5 x 10"uc

(50 x 107*7em?)(5 x 107 em ™7 — sec™!)(3.5 x 10-%sec)
=873

H

Having 8 or 9 overlapping interactions would greatly complicate many measurements,
including the W maass, top quark search, and secondary vertex identification in b events.

To solve this problem, the aumber of proton and antiproton bunches in the Tevatron
will be increased from 8 to 36. However since the p and P bunches counter-rotate
in the same accelerator ring, each antiproton bunch would pass through a proton
bunch 72 times per revolution around the accelerator ring. The resulting long range
electromagnetic interaction (beam-beam tuneshift) would cause the beam’s emittance
to blow up and the luminosity to be greatly reduced. This will be avoided with the use
of 22 high field (35 KV/cm) electrostatic separators which will keep the protons and
antiprotons in helical orbits that only intersect at the CDF and DO detectors.

The expected improvement in the accelerator performance is shown in Tabie 2. With
this and planned detector improvements, CDF should collect 100 times the 1988-89
data for each year of ranning after 1996.

1.2, Detector

The physics program at the colliders is determined to no small extent by the ¢apabilitiea
and limitations of the detectors. Here I will discuss the major components of a collider
detector and indicate how leptons and hadrons are identified. To be concrete [ will
focus on CDF, but the essential elements, tracking and calorimetry, are common to
most general purpose detectors at hadron and electron colliders.

The goal in the design of CDF was to detect and measure the momenta of electrons,
muons, quarks and gluons (hadron jets), and neutrinocs {through momentum imbalance)
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over as much of the total sclid angle as possible. A sketch of the detector is shown in
Figure 12. A superconducting coil produces a 1.5 Tesla magnetic field uniform over the
volume of the tracking chambers. There aze two components to the tracking system.
Adjacent to the beam pipe, a set of time projection chambers (VIPC) accurately
locates the interaction vertex for each event. The large central tracking chamber (CTC)
measures the radii of curvature in the B field of charged particles, and thus their
moments. Beyond the tracking chambers, a set of finely segmented electromagnetic
and hadronic calorimeters covers most of the solid angle (polar angle, 8, between 2°
and 178°; azimuthal angle, ¢, between 0° and 360°). These calorimeters measure the
energy of electrons, photons, and hadrons. Muons are detected in the central region
by drift chambers that are outside of the calorimeters, and in the forward regions by
chambers in front of and behind large magnetized iron toroids. The details of the design
and construction of the CDF detector can be found in a series of articles in Nuclear
Instruments and Methods [3].

The central tracking chamber makes 84 measurements of a charged particle’s trajec-
tory, each with an uncertainty of approximately 180 microns (Fig 13). This results in
an uncertainty in the track curvature, k = b0, of

oy = 0.5 x 10-3m"!
Since the transverse momentum, Pr = (/P2 + P}, is related to the curvature by

- 038
Pr==
where Pr, B, and k are in units of GeV/¢, Tesla, and meter=! respectively, the curva-
ture uncertainty translates into a Pp uncertainty of

2B - O 1 x 103

P - 03B

2 2.

Pr 0.0C1Pr
This gives a Pr uncertainty of 4% for sypical leptons from W decay (Pr = Mw /2).

The calorimeters consist of an electromagnetic section followed by a hadronic section.

The electromagnetic calorimeter messures the energies of electrons, positrons, and
photons by sampling the energy deposited in an electromagnetic cascade. The detector
(Fig. 14a) consists of plates of lead radiator sandwiched between sheets of scintillating
plastic. Bremsstrahlung and pair production in the lead produce an e* and v cascade.
The charged particles pass through the scintillator producing light which is transmitted
to a phototube by waveshifting plastic. The mean number of charged particles at depth
£ in the calorimetet (in terms of the radiztion length in that material) for an electron
initiated electromagnetic cascade is

N, = Noz'e?*

where a has & logarithmic dependence on the electron energy and, most importantly,
Ny is proportional to the energy of the incident electron. Typical values for 4 and & for
a lead calorimeter are @ = 3.3 and b = 0.46 for & 40 GeV incident electron. Figure 14b
shows a sketch of the development of the cascade. It builds to a peak by 8-7 radiation
lengths and then exponentially dies away as electrons and positrons lose energy by
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Fig. 12. The CDF detector.

Fig. 13. The trajectory of a charged particle is measured at 84 radial positions.
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Fig. 14. {a) A sampling electromagaetic calorimeter. (b) Sketch of the longitudinal develop-
ment of an electromagnetic cascade.

jonization energy loss and no longer are energetic enough to produce the high energy
photons that can create additional e*e~ pairs.

In the CDF electromagnetic calorimeter in the central region, the cascade is sam-
pled at ~ 30 depths. The dominant uncertainty in determining the energy of the ina-
dent electron is the statistical uncertainty in the number of cascade electrons passing
through the scintillator. Thus

op x VN,
Since N,s is proportional to the incident electron energy, E, the uncertainty becomes

oz x VE
oz . L
E° VE
For the CDF calorimeter,

ocg _ 13.5%
E = JE oLT®

whete E is in GeV and the second term is due to cell to cell variations in the energy
calibration and is added in quadrature to the first term.

The hzdronic zalorimeter operates in a similar fashion, but here the incident hadron
loses energy by a nuclear cascade. At least & nucieaz absorption lengths (~ 1 meter of
iron) are needed to contain the shower. Many fewer particles are produced in a nucleaz
cascade than in an electromagnetic cascade. Consequently the statistical fluctuations
are much larger. The CDF calorimeter has an energy resolution for incident pions of

ecg T0%R



The Physics of Proton Antiproton Collisions 17

a) b)

\ /
1 {
X il x
/ \
P<Praue P>Rrue

Fig. 15. () A cosmic ray muon passing close to the ceater of the detector. For calibratioz
purposes, it is analyzed as if there were two oppositely charged particles emanating from the
detector center. (b)The actual trajectories {dashed curves) of positive aad negative tracks of
the same momentum but opposite charge. The solid curves show how the tracks would be
teconstructed if the central plane of chamber wires were believed to be farther to the right.

The ability to make precision energy measurements depends critically on the cali-
bration of the detector elements and the associated systematic uncertainties. At CDF
the initial calibration of the calorimeters was done in a test beam with electrons, pi-
ons, and muons of known momenta. The intial calibration of the tracking chamber was
carried out using cosmic rays (Fig 15a). A cosmic ray that passes close to the center of
the detector can be analyzed as if it were two tracks of opposite charge emanating from
the detector center. By minimizing the difference in curvature, the difference in initial
azimuthal angle, and the distance of closest approach of these “tracks® for a large
sample of cosmic rays, slight corrections to the locations of the wires in the chamber
can be deduced.

Although these initial calibrations are quite important, the final calibration is done
with Collider data since the hostile *~izorment of a high luminosity hadron collider
can cause slight alterations in the detector calibration. CDF uses the tracking chamber
to check the calorimeter calibration, and the calorimeter to check the tracking chambet.
This is not the circular argument it seems because the tracking chamber (calorimeter)
response is antisymmetric (symmetric) with respect to the electric charge of an e*.
Figure 15b shows that if the assumed location of the chamber wires is incorrect, the
reconstructed curvature of a positive (negative) track will be larger (smaller) than the
true curvature. That is,

i, 1

pP* Py~ P, Jalse
where P* is the reconstructed momentum for a positron or electron, Py is the actual
momentum, and -‘;}ﬁ is the false curvature caused by the error in the position of the
chamber wires. The electromagnetic calorimeter, on the other hand, responds the same
to electzons and positrons. If there is a calibration error (¢), then the reconstructed
and actual energies of the electron and positron are related by

E* =Eyx(1+¢)
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Fig. 16. The E/P distribution for electrons and positrons from W decay. The curve is the
result of & detector simulation that includes radiation from the electrons.

The calorimeter calibration error and the tracking chamber false curvature can be
determined using » sample of high energy electrons and positrons, where £ = P, From
the above two equations, we get

[(i)*+(f) ]
[®* -(i) ]

PJ.I.. = 2

Figure 16 shows E/P for a samples of electrons and positrons from W decay along with
the result of a detector simulation. The tail on the high side is due to bremsstrahlung;
the calorimeter detects the electron and colinear photons, while the tracking chamber
measures the momentum oaly of the charged electron.

This in site technique was successfully used to achieve the tracking resolution of
op /Pr = 0.0011 Pr. Geometric distortions in the chamber can ‘still be observed, but
they correspond to a false radius of curvature of & 50 kilometers! Although this method
removes relative errors in the calorimeter and tracking chamber calibration, it does not
set the absolute momentum scale. This is obtained from the tracking chamber geometry
and the measured B field. The scale is checked by comparing the masses of the J/¥,
T, and Z9 resonances measured by CDF (3.0097 £ 0.001, 5.469 £ 0.010, and 90.9+0.36
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GeV/c?) to the world averages (3.0969 + 0.0001, $.4603 & 0.0002, and 91.174 £ 0.021
GeV/c2)4).

Separation of leptons from the much more copiously produced hadrons is accom-
plished using information from all of the detector systems. Figure 17a is a schematic
view of an electron in the CDF detector. After passing through the central tracking
chamber, the electron loses all of its energy in the electromagnetic calotimeter. The
distinguishing feature is the small lateral and transverse size of an electromagnetic
cascade, which resuits in all of the energy being deposited in a single electromag-
netic calorimeter tower with little or no energy leaking intc the hadronic section. in
addition, a strip proportional chamber located near shower maximum depth in the
electromagnetic calorimeter provides a transverse profile of the shower. For each elec-
tron candidate, a fit of the transverse profile is made to the shape measured in an
electron test beam. The x3 of the fit is used to distinguish electrons from hadrons.
The extrapolated trajectory measured in the tracking chamber must also pass through
the center of the shower profile, and the electron’s energy measured in the calorimeter
must agree with the momentum as measured in the tracking chamber. Finally for some
analyses, such as in W and Z decay, the electron is required to be isolated, with little
energy in any of the nearby calorimeter cells. This greatly suppresses the background
from hadrons, which are usually part of jets and thus are not isolated.

A detected muon is sketched in Figure 17b. The muon passes through the lead and
steel of the calorimeters with an energy deposition consistent with a minimum ion-
izsing particle (2 0.5 GeV equivalent in the electromagnetic compartment and » 2.0
GeV equivalent in the hadronic section). The muon then passes through the muon
drift chambers, where the resulting track stub must be consistent with the extrapo-
lated central tracking chamber track within the uncertainty due to multiple Coulomb
scattering.

These charged leptons look very different than a hadron jet from the fragmentation
of a quark or gluon (Fig. 17¢). The large number of hadrons in a jet produces many
tracks in the tracking chamber and a large transverse and longitudinal calorimeter
energy deposition typical of multiple overlapping hadronic cascades.

The neutrino of course pasmses through the detector without interacting at all
(Fig 17d). As we will see when we get to W decay, the presence of s high energy
peutrino is inferred from the lack of momentum balance for the particles detected in a
Pp collision.

There is one technique new to hadron collider detectors that could be quite important
in the future — secondary vertex detection. It could have a major impact in top quark
physics in separsting the W + multijet QCD background from ti events which contain
two b jets in the final state. The identification of the b jets can also help reduce the
combinatoric problem when trying to reconstruct the top decay in order to determine
the top mass. Identifying the secondary vertices from b decay will of course also greatly
improv prospects for b physics at hadron colliders: b meson and baryon spectroscopy,
measuring lifetimes of b states, directly otseiving the decay distributions from BB
mixing, and pethaps observing CP violation in B decay.

For the upcoming run, CDF is installing s new vertex detector consisting of four
layers of silicon detectors located just outside the beam pipe (Fig. 18). With strip
electrodes on a 50y pitch, the position resolution will be 2 15, (the standard deviation
for a square distribution of full width W is W/ v/12). This device will provide an impact
parameter resolution for lazrge Pr tracks of = 154, to be compared with the typical
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Fig. 17. Schematic drawings of particles in the CDF detector: (a) electroa, (b} muen, (¢)
hadron jet, and (d)neutrino.
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Q) b) ¢)

ll]) PARAMETER

Fig. 18. (») A sketch of the silicon vertex detector to be installed in the CDF detector. (b)
The detector consists of silicon walers hiased to produce & depletion layer with electrodes on
a 504 pitch. (<) The impact parameter for a track relative to the primary interaction vertex.

expected impact parameter for tracks from B decay of 300u.
2. QCD Studies
2.1. Essential Features of QCD

Before looking st the dats, we will briefly review the features of the QCD theory of the
strong interaction. QCD is a non-abelian local gauge theory with a three dimensional
gauge symmetry (SU(3) of color) in which the generators do not commute. This is
to be contrasted to QED, which is based on invariance under a one dimensional local
phase rotation {U(1) of electric charge). This difference in the undetlying symmetry
produces a significant difference in how the carriers of the forces interact. In QED,
the photon only interacts with fermion. antifermion pairs because the photon does not
carry electric charge. In QCD, on the other hand, the gluons do carry the color charge;
the result is 3-gluon and 4-gluon vertices, as well as gluon-fermion-antifermion vertices.
There is by now a great deal of experimental evidence for the color degree of freedom
with three colors.
~ It is required if the usual spin statistics relation is to be maintained for baryons. In
particular, the A*+ contains thres u quarks with no orbital angular momentum in a
symmetric S = 3/2 spin state. An additional degree of freedom is needed in order to
antisymmetrize the wavefunction for these three identical fermions.

-~ The ratio R = ﬂ.;—:f-;:'—':ﬁ-—:"-l depends on the sum of the squares of the electric
charges for all types of quarks, because the hadrons are produced when an intermediate
state virtual photon produces a quark-antiquark pair. The experimental data require
that there be three distinct types of quark for each flavor. This is satisfied by having
three colors.

= The experimental cross section for producing lepton pairs in hadron collisions ia
consistent with the prediction of quark-antiquark annihilation when a factor of 1/3 ia
included in the cross section formuls. This is expected with color SU(3), since a quark
can only annihilate an antiquark to produce s photon if the antiquark has the same
color as the quark. Since there are three colors, the probability that the quark strikes
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Fig. 19. (a) A quark viewed with & moderate ¢° probe. (b) A high ¢* probe might catch the
quark in & quastum fSuctuation.

an antiquark of the same color is 1/3.

— The relative branching ratios of the tau lepton into leptons or hadrons agree with
expectations if each quark Ravor comes in three colors.

— The measured x° lifetime agrees with the calculation of #° — quark loop — yv if
there are three quark colors.

~ Anomaly cancellation in electroweak interactions is needed for divergence free cal-
culations. The cancellation occury if, for each generation,

Yo @+ Y a-=o0

quarks lapions
This is satisfied if there are three quazk colors.

There are 3 number of important general consequences of the QCD theory of the
strong interaction. First there is the evolution of the structure functions. In the naive
parton mode, the structure functions, F(z), depend only on the Feynman z of the
parton and not on the ¢¥ of the interaction. In QCD, however, there is a g7 variation.
As the g2 of a probe increases, the spatial region or time interval probed decreases. This
raises the probability of finding a quaatum fluctuation. For example, if & moderate ¢?
probe observes & quark, a high ¢? probe might see a quazk plus two gluons that were
virtually emitted (Fig. 19). Consequently at large ¢? there is & smaller probability of
finding & large z = ;-ﬂ:: quark or gluon and s larger probability of £.ding a small

re

z quark or gluon. Figure 20 shows the measured ¢? variation of the structure function
(5}-

The evolution can be calculated quantitatively by considering radiation graphs like
those in Fienre 21, The internal consistency of these graphs plus the constraints of
conservation of momentum and fermion number lead to the Altarelli-Parisi evolution
equations {0). For example, the variation of the quark distribution fanction with ¢? is
given by

p 1
iy = 240 Lji’:’" P+ 2 [ %’-G(vw"(f;l]

where the factor in front of the bracket is the vertex factor, Np is the number of
quark flavors that can be produced, and the two integrals correspond to the quark
production in Figures 21a and 21c respectively. The functions F and G are the quark
and gluon distribution functions. The splitting functions P are calculated for each
radiation graph. For example the splitting function for getting & quark from a gluon
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Fig. 20. The proton structure function Fy(z) for three values of e
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Fig. 21. Radiation graphs for calculating structure function evolution.
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Fig. 22. Gluon propagator corrections that produce (a} screening and (b) anti-ecreening.

(Fig. 21c) in
PH(z) = 3(57 + (1= 2))

while that for getting a gluon from a quark (Fig 21a) has the usual bremsstrablung 2
behavior

P1(z) = (M)

z

Anothet important feature of QCD is the running of the coupling constant. In QED,
vacuum polarization screens a particle’s bare charge. Consequently the force on a test
clm';e grows faster than & when probing closer to the source charge (i.e. with a larger
¢’ probe). This means that a,m(g?) increases with increasing ¢7. As we shall see later,
tl;u huzbeen measured, with a.m(¢*) increasing from 1/137 at low ¢* t0 1/128 at

=Mz

QCp pm\ridu mechaniams for both screening and anti-screening (Fig 22). The for-
mer is produced by the fermion loop correction to the gluon propagator, in complete
analogy with the QED case. Anti-screening is produced by gluon loop corrections to
the gluon propagator. Whether screening or anti-screening dominates is determined by
the number of types of gluons (colors) and quarks (flavors) that can be excited at a
given ¢?. For an SU(N) theory

1___t__ UNc-2Nr (-—q’)
a@) - @) T 1= #

0
where uo is the renormalization point. For SU(3), another common notahon is to collect
the constants in the two terms above and write

1 _ B-~2Np, (-—q’)
(@) . 12z C\A
where A is the QCD scale parameter. Note that 33 = 2Ny is positive for Np=3,4.5, and
6. Thus anti-screening dominates, and a,(g?) decreases with mc:emn( ¢, At small
¢? this means large a, and quark confinement, while at large ¢? it mesns asymptotic
frecdom and the utility of using s perturbation expansion.

2.2, QCD in Fp Collisions

The proton and antiproton each contains quarks, antiquarks, and gluons. A QCD
scattering thus occurs as in Figure 23, The observed differential cross section can be
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Fig. 23. A hard scastering between two partons in a Pp collision.

written as

do - 3 (s o3 3 Flen o] 9%
dzy dzydeost® .ZJ: [ﬂ(n'q DAL SR RACL R )] deosd®
where f7(z1,q?) is the number density (not momentum density) in a proton of partons
of type i carrying momentum fraction z,, and Z2ii- is the differential crom section for
partons of types i and j to scatter at an angle & in the parton-parton center of mase
frame.

An obvious leading order diagram is the strong interaction analog of ete” scattering
(Fig. 24a). However since the gluon carries color charge and therefore interacts with
other gluons, there are other lowest order t-channel diagrams (Fig. 24b,c) as well 20 »-
channel diagrams (Fig. 24d,¢). The s-channel diagrams tend to give small contributions
because the hard scattering croes section has a factor

a5 1
dg* — ¢*

(as in Rutherford scattering) where g is the 4 momentum carried by the propagator,
and ¢7 is typically much lazger in s-channel diagrams than in t-channel d'agiams.

The three t-channel diagrams have different weights due to the sumber of colors of
gluons that can be exchanged and the number of colors of quarks that can be produced.
A quatk-quark-gluon vertex has a vertex factor ia,, while a three gluon vertex has
strength 3a,. The other difference among these diagrams is the angular distribution.
The hard scattering cross section can be written as

_do _xay f(F)
deosé® i (1-costt)?

where f(8") depends on the graph. For example, it is (3 +¢c0830")3 forthe gg — g ¢
diagram. As we will see in & moment, the angular distribution is dominated by the
Rutherford pole in the denominator, and thus the cross sections for the gg, gq, and
qq initial states all have s similar angular dependence. The consequence of this is that
the full Pp cross section can be written as

do . F(z1) F(z2) do
dzydradeosd® ~— zy z3 deoad”

(1)
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Fig. 24. Leading order diagrams for parton-parton scatiering.

where
F(z) = Glz) +-3 [Q(z) + T(=)]

Here G, Q, and a are the total gluon, quark, and antiquark momentum densities,
and the 2 is a consequence of the gq7 and ggx vertex factors. Note that C invariance
requires that FP(z) = F¥(z).

If this picture of parton elastic scattering is correct, then large ¢? events should
predominantly contain two jarge Py jets, the fragmentation products of the scattered
partons in Fig. 23. The experimental jet finding algorithm is important, since the jet
energy and size as well as the number of jets in an event depend on the algorithm.
CDF (7] begins with a cluster seed, which is a calorimeter tower with Ex above a seed
tower threshold. (Ey = Eainé is essentially the same as Pr = Panind except that the
measurement comes from the calorimeter rather than the tracking chamber.) A cone
of half angle R in # — ¢ space (typically 0.7) is drawn around the seed tower. The Ep
weighted centroid of the towers within the cone becomes the new cluster centroid. A
new cone is drawn, and the process is iterated until the cluster is identical after two
successive iterations,

Hadron jeis are easily seen in high epergy Pp collisions (Fig. 28). To see if jets
domunace, iei us consider the observables H, [8].

= Er(lasgest Ex jet)
= S Er
Hy = Er(largest Ev jegi_grérmnd largest Et jet)
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Fig. 25. (a} A dijet event in the CDF detector. The Er is shown for each electromagnetic

{solid) and hadronic (hatched) calorimeter tower (b) A three jet event.
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Fig. 26. The jet Er fractions for large 3 Er CDF events. The solid lines come from the
Herwig parton shower Monte Cazlo.

where

Z Er = 2 |Esint|

Distributions for the first four A, variables from CDF events with }_ Er > 400 GeV
[9] are compared with theory [10] in Figure 26. H; peaks at 0.5; H; peaks at 1.0 with
a tail: and H3 peaks sharply at 1.0. This is consistent with the leading order QCD
diagrams plus the next to leading order correction in which a hard gluon is radiated
from one of the scattered partons (Fig. 25b}.

2.3. Dijel Production

The CDF inclusive jet czoss section [11] is shown in Figure 27. The theoretical cal-
culation uses quark and gluon distribution functions measured in vther processes like
deep inelastic scattering, with a, and structure functions evolved to ¢® = P}. The
agreement between data and theory over T decades is ‘excellent. UAL used equation 1
and theoretical calculations of the hard scattering cross section to extract the effective
structure function, F(x), from their data (Fig 28) [14]. If it is assumed that the jets
are produced only from the scattering of quarks, then the prediction is much too small
at low x; thus gluon scattering is required. From this comparison, it is also clear that
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Fig. 27. (a) The CDF inclusive jet cross section compared to a theoretical calculation [12] using
the EMRSB structure functions (13]. (b) The difference between the data and theory shown
on a linear scale. The variation in the theoretical prediction when the structure fanctions are

changed is also shown,
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9

Fig. 28. The effactive structare function, F(x), as measured by UAL The data are compared
with a number of theoretical calculations.
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Fig. 29. The UA1L jet angular distribution compared to theoretical predictions.

quarks dominate at large x while gluons dominate at small x, as expected given the
bremsstrahlung origin of gluons. Also if the theoretical prediction uses the structure
functions as measured at low g3 without evolving them to ¢ = P, then the result is
much larger than the data at high x.

We can also look at the jet angular distribution. UA1 data [15] are shown in Fig-
ure 29. Note that the predictions for qF, gq, and gg scatiering are very similar; they
are dominated by the Rutherford pole. The result wouid be quite different, however,
for an sbelian scalar gluon theory, where the propagator would have spin 0 or 1/2 but
not 1. The large cross section variation due to the Rutherford pole makes it difficult
to discern how well the data and theory agree. This effect can be removed if another
angular variable is used.

- 1+ cost”

X E {=cost
]
dx = (1 = cosb*)? deost”
do _ (1—cosd")? deo
dy P deosd”®

The CDF angular distribution is shown in Figure 30 (59]. There is good agreement
with the QCD prediction.

2.4. Multjet Production

Beyond leading order in the perturbation expansion, additional diagrams appear. There
are diagrams, like vertex corrections, with additional internal lines (Fig. 31a,b,c) as
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Fig. 30. CDF data on the jet angular distribution compared with 3 QCD calculation. The
data contain dijet events with M,, > 200 GeV/c*.
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Fig. 31. Higher order corrections to the leading order parton-parton scattering.

well as disgrams with additional external lines like gluon bremsstrahlung (Fig. 31d,e.0).
The latter diagrams should produce 3-jet final states, have a croes section down by a
factot of ~ a, relative to the 2-jet cross section, and have a bremsetrahlung like third jet
energy distribution (recall the Altareili-Parisi splitting function P#(z) ~ 1). Figure 32
shows the ratio of 3-jet to 2-jet event rates for UAL data [17]. As , the ratio is
~ a,, and although statistics are limited, the data is consistent with a running a,(e).
The data have been corrected both for the loss of 3-jet events due to the spatial overlap
of jets and for events in which the third detected jet was due to a fluctuation in the
parton fragmentation or in the underlying event. Both UA1 [17] and UA2 (18] have
used the 3-jet to 2-jet ratio to deduce a,.

—a, = 0.22£0.02+0.03 (UAL)
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Fig. 32. The UA1 ratio of the 3-jet to 2-jet cross sections a» a functioa of the multi-jet center
of mase energy. The lines correspond to different choices of the 3-jet ¢* scale.
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where Ky and K3 are the corrections (“K factor”) for the uncalculated higher order
diagrams.

To look for the expected bremsstrahlung like distribution, one can study the energy
sharing among the three final state jets. By convention, the parton numbering scherne
has the initial state parton that is more (less) energetic in the Pp rest frame denoted
1 (2). In the center of mass frame of partons 1 and 2, the three cutgoing partons are
labeled 3, 4, and §, where 3 is the most energetic and § is the least energetic. Figure 33
shows the jet energy fractions Xy and X, where X; = ﬁ-‘i’%ﬂ: in the center of mass
frame of partons | and 2. The leading jet (parton J) carries more eaergy than 3-body
phase space would predict, as expected in QCD since this jet did not radiate a gluon.
The same is true for the next to leading jet, since although it did radiate a gluon,
that gluon is typically very soft. Since Xy + Xy + Xy = 2 and jets 3 tru 4 have more
energy than predicted by phase space, jet 5 haa [ess energy than phase space predicts,
as expected for a bremsstrahlung product.

The variables # and ¥* used to describe the 3-jet angular distributions are defined
in Figuze 34. As expected, the cosf” distribution peaks at 1.0 (Fig. 35a), because, as
in the 2-jet case, t-channel gluon exchange dominates. The ¥° distribution (Fig. 35b)
peaks toward 0° and 180° because in that region jet 5 can be close in angle not only
to jet 4 but also to jet 1 or 2. Thus there are large contributions here from the initial
state gluon bremastrahlung diagrams.

Beyond leading order in QCD, the inclusive jet differential cross section depends on
the cone size used in finding the jet clusters. For leading order diagrams, as long as the
cone is large enough to contain the parton’s badronic fragments, the Er in the cone
will not change. Thus the value of the abacissa in Fig. 27 where an event is plotted does
not change. For higher order diagrams that contain hard gluon bremsstrahlung, as the
clustering cone gets larger more of the bremsstrahlung products are included in the
cone. Thus the Ex of the jet increases, and the event is plotted st a larger value of the
abacissa. This has the effect of increasing the differential cross section, . Figure 36
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Fig. 33. The jet energy fraction for the leading and next to leading jets in three jet events.
The CDF data [19] are compared to a next to leading order QCD calculation[20], the same
calculation without gluons as initial state partons, and 3-body phase space.
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Fig. 34. The angular variables used to describe J-jet eventa.
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calculations with and withont hard scattering of initial state gluons. The cuts in cosd® and
¥° are made to ensure that the jets are well separated from each other aad from the beam.

shows this for CDF data [22} and a next to leading order calculation{23]. The data
and calculation have the same trend, but the data increases somewhat more rapidly as
the cone size increases. It is expected that the predicted slope would be larger if more
gluons were allowed to radiate (QCD diagrams beyond next to leading order).

2.5. Large Pr v, W, and Z Production

The strong interaction can also be studied with a large Pt v, W, or Z in the final state
(Fig. 37a). The utility of these processes for studying QCD comes from both an exper-
imental and a theoretical simplificati~z. T).e experimental advantage is that the v, e,
and p detection efficiency and resolution are straightforward to evaluate. This contrasts
with quarks and gluons for which multihadron fragmentation and its effect on detector
resolution as well as the dependence on clustering size due to gluon bremsstrahlung
result in serious systematic difficulties. From a theoretical point of view, vector boson
production has simpler higher order corrections; the next to leading order diagrams
are of order o, to be compared with jet production where the corrections are of order
a?. This means fewer diagrams and interference terms to calculate.

Tn the case of photon production, :bare is 2 experimental complication that arises
from the bremsstrahlung diagram (Fig. 37b) in which the photon is not produced at a
hard scattering vertex, but is radiated from one of the scattered partons. The difficulty
is that photom identification usually requires isclation (no energetic hadrons nearby),
and thus the size of the bremastrahlung diagram contribution depends on the details of
the v isolation requirement. However, by imposing a rather strict isolation requirement,
the effect of the bremsstrahlung disgrams can be minimized.

Figure 38 shows the UA1 {24] and UAZ2 [25] photon production cross section. Note
the similarity of the cross section shape to that for jet production. This reflects the
common proton structure functions as well as the dominance of the similar 2 — 2 hard
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Fig. 37. (a) Leading order diagram for large Pr vector boson production. (b} The photen
bremastrahluag diagram.
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Fig. 39. (a) CDF photon production cross section compared to theoretical predictions. (b)
Data divided by theory on a linear scale.

scattering diagrams. The photon data agree well with the order aja,m calculation [26].
CDF has measured the photon cross section at /7 = 1.8 TeV {27]. Figure 39 shows
good agreement except at the lowest Pt where the bremsstrahlung diagrama make
the largest contribution and where the uncertainty in the structure function (gluon
z < 0.02) ia largest. UAL [28] has observed the difference in the jet and photon angular
distributions due to the propagator spin (1 for jets, 3 for photons). Figure 40 shows
agreement between data and the predicted behavior. The prediction includes the effect
of the ~ 35% #° background in the nhetop data sample.

UA2 has measured a,(M3,) by compating the numbers of W + 1 jet and W 4 0 jet
events (29). They find

a,(M3) = 0.13 £ 0.03 4 0.03 £ 0.02

where the first uncertainty is statistical, the second is due to experimental systematics
such as the detector's jet energy scale, the underlying event, and uncertainties in the
structure functions, and the third is due to uncertainties in estimating the higher order
corrections to the theoretical calculatior.

3. Studies of the Electroweak Force
3.1. Overview of the Standard Model
The electroweak interaction is produced by local gauge invariance under the gauge

group SU(2)r of weak iscspin x U(1) of weak hypercharge. The elementary fermions
are in left handed weak isodoublets and right handed weak isceinglets.
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where the right handed neutrinos are present if the neutrinos have rest mass. The weak
eigenstates denoted by primes are related to the strong eigenstates by the CKM matrix

(7)-+(3)

Vai Voo Vau
V=] Vu Vau Va
Ve Vo Va
The generators or gauge bosons are

w W w? SU(2)
B, UQ)

‘The interaction Lagrangian, as in electromagnetism (L, = €A, - J*), has the gauge
fields coupled to the fermion currents,

Cins = ﬂJp : Wp + QIJ:Bu

where J,, is the fermion weak isospin current, and J :' is the fermion weak hypercharge
current. With the vsual definitions of raising and lowering operators

z* x 2l & ig?
this becomnes
Ling = % [(Fe W+ PW 4+ dW2 + 91 0) B,



The Physics of Proton Antiproton Collisions k1

where the first term is the charged current and the rest is the neutral current. The
connection between electric charge, weak isospin, and hypercharge

Q=105+Y

or its current equivalent
JEM = 13+ Y

and our knowledge of the electromagnetic term in the interaction Lagrangian
eJEM A, = (J3+TN)A,

allows us to find the linear combinations of W2 and B, that correspond to the photon
(A,) and the 2° (2,)

3 — 4y A _ =1Z+134A
Wn" !7: ] Bl"' 7"':';' E]
13 +1y | Pt I

This gives

Ling = 72-[1 wr+JrWo)+ [\/g, +92 13- 714—-,1‘"]
g1 + 9

Jad JEHA.
93 + 9
- g .
= 7.; VW + 3wr] 4+ —o 2 - sintw I7M] 2,

+¢1 sinfw Jf“ A

whete instead of g: and gy, we choose to use g3 and fw . The weak angle, 8w, is defined
through tanfw =
We can relste g5 md fw to the physical constants e and Gr which have been

measured accurately.

The latter comes from the requirement that £1£ at ¢* ~ 0 reduce to the Fermi four-
fermion interaction. These equations can be rewritten to give the mase of the W,

M2 TAEM
w = ” \_/2Gr ;26;-:"130“;
Since the W and Z masses are produced by the Higgs mechanism and the La;ranginn
terms in which the W and Z interact with the Figgs have coefficients ¢} and 44—,
the Z mass is given by
M’
2 - My
Mz cosdlw
Ly o L TaEM
- 2(" to )2\/561- T V2CGreintty cosdbw
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Fig. 41. Heavy quark loop corrections to the (a) W and (b) Z propagasors.

So far we have only considered the lowest order electroweak effects. To this order,
three experimental inputs are needed to fully specify the electzoweak sector, for exam-
ple apy, Gr, and M3z,

The dominant radiative correction results from vacuum polarization loops in the
propagators [30). This produces a running of the couplifig constants, go(¢?) and g,(g?).
It also further splits the W and Z masses if there are heavy fermion doublets with
large mass splitting, because the loop corrections (Fig. 41) have different kinematic
suppression. The W and Z masses can be written as

1
Mi = 395 (Mw)oiy

M7 = 306 (Ma2) + 9} (M2))o

where v comes from the Higgs vacuum expectation value. As before,

i
3 -
w = 2-\;2(}:

since in beta decay G'r is the square of the coupling constant divided by the propagator

Gpmﬁu;t

In lowest order, vz is the same as vi, but in higher order vz is modified by radistive
corrections. The effect of these corrections can be described by
vgd Mg
i Rl v
i ;coa w
where Oy is the weak mixing angle defined as before, but now in terms of the running
coupling constants. The dominant correction is due to the top quark loop which gives

]

3 2
o xvf - % L)

There is also a weak logarithmic dependence on the Higgs mass that is not included
here. The resulting expression for the Z maas is
1 1 Im?
2 T | 2 -
M = o)+ 530 (5= - 35)

2ra(M;z) ( 1 _35’)
T sintfycostby \2V2Gr  32x7
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Fig. 42. W decay into {¥ in a Dp collision.

At this level, four experimental inputs are needed to specify the electroweak sactor.
For example with agar, Gr, Mz, and one other (Mw or ﬂn’ﬂw). the values of m,
and sin?8w or Mw can be predicted. Measuring these would provide a test of the
Standard Model at the ievel of the electroweak radiative corrections.

3.2, The W Mass

UA2 [31] and CDF [32] have produced the first precision measurements (~ 1%) of
the W mass. This is & difficult measurement becanse of the neutrino in the final state.
As opposed 1o the leptonic decay of the Z (Z — I*1°) in which there are two weil
measured particles with a well understood resolution function, the leptonic decay of
the W (W — I*1) yields one well measured particle plus the neutrino. Since the
neutrino does not interact in the detector, its momentum can only be inferred using
conservation of momentum. Figure 42 shows a Pp collision producing hadronic debris
plus a W that decays into Iv. Since the initial Pp state has sero net momentum, the
final state must also have no net momentum.

ZPI =10
P+P.+ ), P=0
hadrons
P =-F- 2 P
hadrons
In principle this can be measared well. In practice there are two major difficulties. First,
only the transverse components of P, can be caleulated, because in hadron collisions
significant lon'itndinnl momentum can be carried by particles (oin( undetected down
the beam pipe. Second, the energy resolution for the neutrino is much worse than
for the charged lepton, and the resolution function is difficult to measure. This is %0
because the determination of P7 (actually Er in the calorimeter} depends on the
measurernent of the transverse momenta of all other particles, c.huged and neutral,
produced in the event, Moreover, the energy response of detectors is not perfectly
linear. Thus the signal produced by many low energy particles is not the same as that
of a single particle with the same total energy.
In order to understand the measurement of Py, a variety of studies have been carried
out.
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Fig. 43. (a) £, and (b) Er, for CDF minimum bias eveats. (c) The resolution in £7, as »
function of the net scalar E'r.

— An event sample obtained with & simple Pp interaction trigger (minimum bias dats)
was used to study the resolution in the Er balance {or the underlying event, the soft
hadronic debris produced along with the W. Figure 43a,b shows, for minimum biss
events, the x and y components of the net Er = },; Er,, where the sum is over all
calorimeter cells and Pr, is directed from the interaction vertex to the calorimeter cell.
The mean is zero as it should be, and the resolution is plotted verses the net scalar
Er (= L |Er))) in Figure 43¢.
- To minimise the dependence on higher order QCD W production diagzams as well
as on jet fragmentation, both CDF and UA2 restrict their data sample to low Py Wa.
CDF removes events containing hadron jets with Pr > 7 GeV/c; UA2 excludes events
in which the reconstructed PJY is greater than 20 GeV/c. Even with these restric-
tions, there remain lower energy jets recoiling against the W, Both groups measure the
calorimeter response as s function of hadron energy so that the detector response to
the reesil jet can be correctly modeled.
—~ If the Py of the W is to be correctly measured, the calorimeter energy deposited
by the charged lepton must be separated from that due to the recoil jets and under-
lying event. This requires understanding the transverse size of the lepton deposition.
If the lepton energy is properly removed, Ef + E4 should agree with » simulation of
= 3 hadrons ZT both parallel and perpendicular to the charged lepton direction. This
comparison is shown for CDF data in Figure 44.
— Much of the understanding and modeling of the detector’s hadron response can be
checked by studying Z — I+~ events, which are kinematically similar to W events but
in whici Jhe neutrino is replaced by a well measured charged lepton. The comparison
of data to the prediction of the detector model for UA2 is shown in Figure 43.

The mass of the W is obtained from the shape of the transverse mass distribution.
Transverse mass is the three dimensional analog of the four dimensional invariant mass.

Mz = \/2PLPE(1 - con 4")

where Aé'” is the azimuthal separation between the leptons. The transverse mass must
be used because P} is not measured. The expected shape is simulated as a function of
the W mass, and a maximum likelihcod fit to the data establishes the W mass and its
uncertainty. Figure 46 shows the data and the expected shape for the best fit mass for
both the UA2 and CDF samples. The high mass falling edge, which is most sensitive
to Mw, is well modeled. As a further check that the detector modeling used in the
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Fig. 44. Projections of the net hadronic vector Er paralld to and perpendicular to the charged
lepton in CDF {a) W —» ev and (b) W = uy events. The curves are the predictions of the

detector simulation.
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for assigning systematic uncertainty.
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Fig. 47. Comparison of data and detector modeling for each type of lepton in W decay.

mass determination is correct, the data and predictions for the lepton Pt spectra are
compated in Figure 47.

The results of the mass measurement »r¢ quoted with statistical, systematic, and
scale uncertainties. The major sources of systematic uncertainty are the detector
hadron and missing Ex resolutions, the shape of the W Pt spectrum, and the proton
structure functions. The uncertainty in the detector’s energy scale is quoted separately
because it cancels in the ratio of masses measured in the same detector. The UA2
result is -

Mw = 80.79 + 0.31(stat) + 0.21(syst) £ 0.81(scale) GeV/c?

They reduce the effect of the large scale uncertainty by measuring the ratio of the W
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and Z masses

%‘5’. = 0.8831 = 0.0048(stat) + 0.0026(syst) GeV/e?

and then using the precision LEP value for Mz to get
Mw = 80.49 & 0.43(stat) £ 0.24(syst) GeV/c?

CDF results from W — ev and W — ur decays are
Mw = 79.91 & 0.35(stat) £ 0.24{syst) + 0.19(scale) GeV/c? (W — ev)
Mw = 79.90 £ 0.53(stat) & 0.32(syst) & 0.08(scale) GeV/c? (W — uv)

The CDF magnetic spectrometer has a small enough scale error o that calculating
Mw /Mz and normalizing to the LEP Mz produces a slightly lazger overall My un-
certainty due to the large statistical error in the Z sample. The final CDF result after
combining the two samples is

Mw = 79.91 £ 0.39 GeV/c?
The CDF and UA2 resuits are consistent.
MEA? — MEPT = 0.58  0.63 GeV/c?
The combined UA2 and CDF tesult ia
MSPF+UAR = 80,13 £0.31 GeV/e?

What does this tell us about the consistency of the Standard Model? Five quanti-
ties have been measured accurately: G and agy in beta decay and atomic physics
experiments, Mz and sin?8y at LEP, and My in Pp experiments. A global fit to the
Standard Model equations can be done with the overall x? indicating whether the data
are consistent with the theory. We will not do that here. Rather, for pedagogic value,
we will make a few comparisons of data and theory.

The measured W mass can be compazed to the predicted value using

M: = 'G(M‘)
w ;261'85“"'7

and the quantities
Gr = 1.1664 x 10~* GeV 3

aEL(ﬁ{;) = 128.8 (£0.2) [33)
sin?By = 0.2318  0.0011 (LEP)[34]

The Standard Model prediction and the measured value are in good agreement.

M

My = 79.87+£0.20 GeV/e?
M = 80.13%0.31 GeV/e?
ME - MP = 0.26 £ 0.37 GeV/é?
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Alternatively we can turn this around and use the measured W mass to deduce the
value of the fine structure constant at ¢7 = M.

agn(Mz) = —?Grﬂrf‘slin’aw

apy(Mz) =1280%1.2
This is 7.5 ¢ away from the low ¢? value of 137.0. Thus within the context of the
Standard Model, the fine structure constant is observed to run.

We can also place an upper limit on the mass of the top quark using the Standard
Modet formalism. The p parameter can be calculated from the values noted above plus
the LEP Z mass, 91.17 & 0.020 GeV/c? [34].

M
p= v} T M}cositw
= 1.006 + 0.009
This places a limit the top quark mass when we use the correction to vy (equation 2).

v IM2 . Gr
p = ;;% ~1+ ﬁ;—,—
Moy = 138 GeV/e? (149 if Mirggs = 250 GeV/c?)
My < 238 GeV/c? QO%RCL
These numbers are similar to those obtained from LEP measurements of the Z mases,
the Z partial widths, etc. (mean value of 142 GeV/c?, 90% CL limit of 200 GeV/c?
(34])-

3.3, Charge Asymmeiries

In W and Z decay, the decay angular distributions in the vector boson rest frame are
sensitive to the weak couplings. When viewed in the laboratory frame, these distribu-
tions also depend on the proton structure functions.

3.3.1. q§—~cte"

The e*e~ final state can be produced by either a virtual photon or a Z°. Thus the cross
section contains three terms corresponding to ¢§ — 7° — ete”, g7 — 2% — ete™,
and an interference term. If the measurement is made near the Z° pole, the ¥* term
is very small. Moreovez, the interference term changes sign across the resonance; thus
the integrated effect across the resonance is small. Therefore it is the Z® term that
dominates, and the cross section can be written as follows.

de _ 3as
d) T 4[(s - M+ MIT}
whezc = 2od @ are the vector and axialvector charges, and @ is the angle between the
quark and the e~. Note that the cos# term is the interference between the vector and
axialvector currents and is explicitly parity violating. The angular distribution thus
can be written as
1+ cosd + z cosd
s = 8v,a,v,0,
(vd + dc’)(”g’ + ‘g’)

[(22 + a2)(v? + a2)(1 + cos?0) + 8v,a,va,c08f]
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Fig. 48. (a) The raw angular distribution for Z decay in CDF data. (b} The distribution after
correcting for the detector acceptance.

and the asymmetiry a8

A= &cosﬂ—fflgdwd _3:
Ji, dcosb 8

In Pp collisions, the quark almost always comes from the proton. Thus there is little
ambiguity in the angle &. What differentiates this measurement from easily measured
asymmetties st LEP (e*e~ — p*u~) is the dependence on the light quark weak
charges. However because the weak vector charge of the electron is proportional to
4 sin?0w — 1, which is close to sero, only a large departure of the light quark weak
charges from expectations would produce an observable effect.

The angular distribution in Z decay for the CDF data (35] is shown in Figure 48.
The measured asymmetry in the 250 event CDF sample is

A = 0.053 % 0.059(stat) £ 0.004(syst)
From this the weak angle is determincd to te
sinfw = 0.228%3017(stat) £ 0.002(syst)

This is consistent with the much more precise values of sin?8w measured in other
processes at LEP.

33 W—eor

The charged current is pure V-A. Thus the angular distribution in W decay follows
from simple helicity arguments. Figure 4Ca shows the production of 2 W*. Since the
u quark almost always comes from the proton and only left handed fermions and right
handed antifermions interact via the charged weak interaction, the W+ is produced
polarized in the antiproton direction. Conservation of angular momentum in the decay
causes the positron to be emitted preferentially in the antiproton direction. Similarly
the electron from W~— decay tends to be produced in the proton direction (Fig. 49b).
This results in the decay angular distribution in the W rest frame

de
d cosd®

~ {14 cost”)?



The Physics of Proton Antiproton Collisions o

P B p P
D e— *,4—-_—- R — w‘<=
<= <=

" 7
&

A\

Q) b)
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indicate the spin directions.

where 8° is the angle between the electron snd proton or between the positron and
antiproton.

In order to transform into the W rest frame, P! is needed. Although it can’t be
measured directly, the constraint .

M3 =(E+E)X-(R+P)

can be used to calculate P?. Unfortunately s quadratic ambiguity remains. At CERN
Collidet energies, the correct solution is most often the one with the lower P}¥. Fig-
ure 50 shows UA1 data in good agreement with the V-A prediction {36]). At Fermilab
energy, both solutions are quite probable because the Feynman x of produced W bosons
is 30 small. Thus CDF must look at the angular distribution in the lab frame. Here a
structure function effect produces an ssymmetry larger than that from V-A and of the
opposite sign. In the proton, the v quark momentum distribution, u(z), is harder than
the d quark distribution, d(z). Thus a W*, produced from ud aanihilation, tends to
be moving in the s ot proton direction. This throws the decay products of the W+, in
particular the e*, in the proton direction. Thus the structure functions cause et to go
in the p direction and e~ to go in the § direction, opposite to the V-A helicity effect.
Figure 51 shows the CDF W decay asymmetry in the lab frame [37]. The asymmetry
A(n) ia defined as

+ -
Ay = Z (n)—e~(n)

S
where 7 is the pseudorapidity (9 = -In tan%), and the + (-} cross section contains
events where the product of the lepton charge and the pseudorapidity is > (<) zero.
The dats are consistent with the s to d ratio in most of the modern sets of structure
functions.
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3.4. The W Lifetime

The lifetime of the W can be deduced from the ratio of the production croes section
times branching ratio for W — ey and Z — ete~.

aB(W — ev)
oB(Z = ece)
This quantity is relatively free from experimental systematic uncertainties, since uncer-
tainties in the integrated luminosity of the data sample, acceptance, trigger efficiencies,
etc. largely cancel in the ratio. Writing the branching ratio as the partial width over
the total width, we get

R = ZBR =W+ X)I(W — ev)I(Z)
o(Fp — Z + X)T(Z — ec)[(W)

The ratio of the production cross sections is well pred:cted by QCD and the known
structure functions [38].

opp—=W+X) _
prorymy s i 3234003 QVi=18TeV

R=

3.200.07 Q@ Vs =0.63TeV
The partial width of the W is & standard charged current calculation
T(W —ev) = 2238203 MV
and the Z widths have been measured at LEP [34]

[(Z —ee) = 83.2£04 MeV
T(2) = 2.485 £0.000 GeV

Values for R have been measured by UAI {39], UA2 {40], and CDF [41].

R = 102:08(stat):0.4(syt) CDF
osa+§;,’(n.c) & 0.25 (syst) UA2
510 UAl

Using this and the quoted values for the widths and the croms section ratio, we get
for the full width of the W

(W) = 211£019Ge¥  CDF
228+021GeV  UA2
2252027 GeV  UAL

Since the dominant uncertainty is statistical in each case, we can average these values
to obtain

F(W) = 2202 0.12 GeV

The total W width is sensitive to any cpen W decay channel beyond ud, ¢7, ev, uv,
and rv. For example, if W — tb were kinematically allowed, then the predicted I(W)
would increase. Although tb would be an open channel only up to Migp 25 75 GeV/e3,
this measurement is still important. Unlike direct top searches, this one is valid no
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Fig. 52. The world average W — ev inverse branching ratio is shown as the data point oa
the right. The Standard Model prediction as a function of the top quark mass is shows us
the solid line. The experimental 90% and 95% confidence level limits are shown with dashed
lines.

matter how the top quark decays, for example top decaying into s charged Higgs
which then decays into ¢7. Such decay schemes contain no isolated leptons and thus
would be missed in the direct top quark searches.

In order to set & top quark mass limit, we calculate the inverse branching ratio
T(W)/T(W — ev). Unlike ['(¥W) alone, this ratio should be independent of the pre-
cise value of Mw . Moreover, there is & gaussian uncertainty in the inverse branching
ratio since it is proportional to the number of Z events observed, and the statistical
fluctuation on Nz dominates the uncertainty. The three collaborations find

Tohel; = 044085  CDF
1020094  UA?2
1006121  UAl
Average : 9.84%0.38

The resulting lower limits on the top quark mass are (Fig. 52)

> 51 GeV/A Q%% CL
> 48 GeV/E Q5% CL

indep2ad=ni of how the top quark decays.
3.5. Lepton Universality st ¢* = M}

We know from x — (v decay, v deep inelastic scattering, and the r lifetime that at
low to moderate ¢* the charged current couplings to the leptons (g,, g., 9.} are ap-
proximately equal. Since gauge couplings run, it is interesting to compare the coupling
constants at large ¢?, specifically at ¢* = M, ;. For the neutral current, LEP results
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Fig. 53. The r log-likelihood for the UAL data (histogram) compated to the prediction from
a r Monte Carlo (solid curve) and to UA1 jet data (dashed curve}.

on the partial widths of the Z to ee, uy, and rr confirm lepton universality at the
~ 2% level.

For the charged current, we similarly compare the partial widths of the W into
leptons.

T(W — rv)/T(W — p)[T(W — ev) = /9] /4]

At hadron colliders, r identification is a difficult problem. The leptonic decays of the v
cannot be used because W — v - evvv cannot be separated from W — ey, Thus one
is forced to look for hadronic r deca; wLick is quite difficult because of the enormous
cross section for QCD produced jet background.

UA1 [42], UA2 [43), and CDF [44] rely on two important event characteristics to
separate the signal from background, the lazge missing Er in fp — W — rv —
hadrons + v + v, and the fact that r decay produces narrow, low multiplicity jets.
For example, UA1 forms a r log-likelihood function based on the size of the jet, the
angular separation between the highest Py track and the jet axis, and the charged
particle multiplicity (Fig. 53). CDF is able to confirm that its signal is indeed from r
decay by locking at the track multiplicity distribution (Fig. 54). Clusters from 7 decay
should have mostly 1 or 3 prongs.

The results from the three groups are:

UAl: 9r/8e 1.01 £ 0.08 £ 0.05
‘ 9u/9 1.05 & 0.07 £ 0.08

UA2: 9e/9s = 0.997 £ 0.056 + 0.042

CDF . 9r/ge 0.97+ 0.07
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Fig. 54. Number of tracks in a 10° cone around the center of the r cluster for CDF data. The
background subtracted data are compared to a3 Monte Carlo prediction.

The UA2 and CDF resuits are preliminary. The combined result for W decay is
£ = 0.9940.04

[0

in agreement with lepton universality.
4. The Search for the Top Quark

This is purely an experimental question of the strategy for searching for this as yet
unobserved heavy fermion. I will present in detail the methods employed by the most
sensitive experiment, CDF [48]. At the end I will summarize the results from UA1 and

UA2.
{.1. Introduction

Within the context of the Standard Model, the top quark must exist. The § quark must
have a partner since it has & measured weak isospin of 1/2 [45]. Moreover, anomaly
cancellation requires that for each generation

NeY Q+ Y Q=0

quarks leptons

-

This fails {or the third generation unless the top quark exists.
The search for the top quark has been underway since the bottom quark was dis-
covered at Fermilab in 1977. The initial guess for the top mass was 15 GeV/c? based
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Fig. 55. Top quark preduction via (3) W decay and (b) gluon fusion.

on the apparent geometric progression of the quark masses: M, (0.5 GeV/e?), M, (1.5
GeV/c?), My (5 GeV/c?). Since that time there has been a steady increase in the ex-
perimental lower limit on the mass as shown in Table 3 {46]. The Fp limit from the
W width was presented in the previous section. Here we will consider the direct top
quark searches.

Limit: Method:
15 - 22 GeV/c? | R, event shape
30 GeV/e? R, event shape

41 GeV/¢? 29 width, event ah
id

Pr:

Tevatron and SppS | 48 GeV/e! W width

VAL 80 GeV/ey isolated leptons

UA2 69 GeV/ c’ isolated leptons H
II CDF 91 GeV/e? isolated leptons

Table 3
Lower limits on the top quark masme

In Pp collisions, there are two major top quark production mechanisms as shown
in Figure 85, from W decay and through gluon fusion. The W decay disgram oniy
contributes significantly if Miop < Mw ~ M, & 75 GeV/d. At Ja=18TeV, tf
production through gluon fusion dominates for all My, (Fig 56) [47].

The decay of the top quark in the minimal Standard Model occurs via the charged
weak current, ¢ — W, with the W real or virtual depending on the top quark mass.

g9 — 1= Wb+ Wi

Each W decays with a branching ratio of 1,8 inio each generation of leptons, and »
branching ratio of 3/9 (due to color) into ud or ¢5. The all hadronic final state has
the largest combined branching ratio (4/9), but the tt signal would be overwhelmed
by QCD production of multiple quark and gluon jets.

Thus in order to observe a signal above background, at least one W must be required
to decay into leptons. We will first consider the case where both W bosons decay into
leptons, one into ev and the other into pv. Then we will look at the final state in which
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Fig. 5. Top quark production via (s} W decay and (b) gluoa fusion.

on the apparent geometric progression of the quark masses: M, (0.5 GeV/c?), M, (1.5
GeV/c?), M, (5§ GeV/c?). Since that time there has been a steady increase in the ex-
perimental lower limit on the mass as shown in Table 3 [46). The Pp limit from the
W width was presented in the previous section. Here we will consider the direct top
quark searches.

efe: Limit: Method:

PETRA/PEP 15 ~ 22 GeV/c? | R, event shape
Tristan 30 GeV/d R, event shape
41 GeV/e? 20 widih, event shape
45 GeV/c? width, event sh

PP

Tevatron and Spps | 48 GeV/e® W width

UAl 60 GeV/¢? isolated leptons
69 GeV/c® isclated leptons
91 GeV/c isolated Jeptons

Table 3
Lower limits on the top quazk mass

In Pp collisions, there are two major top quark production mechanisme as shown
in Figure 58, from W decay and through gluon fusion. The W decay diagram only
contributes significantly if Migy < Mw ~ My % 75 GeV/? At Vo= 18 TeV, tf
production through gluon fusion dominates for all My, (Fig 56) {47},

The decay of the top quark in the minimal Standard Model occurs via the charged
weak current, ¢ — Wi, with the W real or virtual depending on the top quark mass.

g9 — tf — Wi 4 W)

Esch W decays with a branching ratio of 1/9 into each generation of leptons, and a
branching ratio of 3/9 (due to color) inte ud or c3. The all hadronic final state bas
the largest combined branching ratio (4/9), but the ¢t signal would be overwhelmed
by QCD production of muitiple quark and gluon jets. ‘

Thus in order to observe a signal above background, st least one W must be required
to decay into leptons. We will first consider the case where both W bosons decay into
leptons, one into ev and the other into uv. Then we will ook at the final state in which
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Fig. 56. Expected top quark production cross section in yp collisions at both CERN and
Fermilab energies.

one W decays into ev with the other W decaying into quarks. Finally we will consider
extensions to both of these searches.

{2 11— euX

The decay chain
{f > WOWDE — evbuvd

provides the final state with the lowest background. Unlike the single lepton modes,
QCD production of W + jets doesn't contribute. And unlike the decay into two elec-
trons or two muons, there is no background from the production of v°, Z° Ji, ot T.
The major background

"--b:—-cevﬁw

produces relatively low Pt leptons. Another poesible background, W pair production
(qT — W+W= — evuy) doesn’t have a cross section competitive with tt for Myop <
150 GeV/e3. Pomsible background from Z — r7 — evvuvy can be easily removed as
we shall see.

It is important to note that large Py charged leptons provide a good signature
because they can be cleanly separated from the much more abundant charged hadrons.
Figures 57 and 58 show the electron and muon selection variables for W — [ir events.
The hadron background is rather flat in these variables. The detection efficiency for
high Pt electrons or muons incident on the active part of the detector is 75-95%
depending on the criteria used.
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Fig. 57. Distributions from W — e» events of variables used 1o select electrons. The ar-
rows show the location of the wmal cuts. (a) The ratio of the calorimeter energy to the
track momentam. {b) The ratio of energies deposited in the hadronic and electromagnetic
calorimeters. (c) A variable that describes the transverse size of the calorimeter shower, (d)
Matching between the extrapolated track and the shower centroid in the asimuthal direction.
(¢) Matching between the extrapolated track and the shower centroid in the beam direction.
(1) The chisquare for the comparison of the transverse shower shape with that measured in
an ddectron test beam.
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Fig. 58. Distributions {from W — u» events of variables used to select muons. (a) The difference
between the extrapolated track from the central tracking chamber and the location of the track
stub in the muon chamber. (b) The difference in slope between the extrapolated track and the
muoa chamber track stub. (c) The total Er in the calorimeter cell through which the muon
passes.
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Fig. 59. Electron Er versus muon Pt for Monte Carlo simulations of (a) 40 GeV/ top, (b)
80 GeV/c® top, and (c) leading order 3¢ production. The locatioa of the cuts that will be
applied to the data are showa.
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Fig. 60. Missing Er distributions from (1) 80 GeV/c® top and (b) ¥ Monte Carlo samples.
Note the difference in the missing Et scales for the two figures.

There are a number of variables that are useful in separating signal from background.
— Ert of the electron and Py of the muon. Top decay produces large Pt leptons, while
b3 background produces leptons with much lower Pt (Fig. 59).
- The missing Er in the event. Events from f production have large missing Ex due
to the two large Et neutrinos. Bottom events, on the other hand, have small missing
Er because the requirements of large £3 and Py select the region of the b decay Dalits
plot where Pf is small (Fig. 60).
~ The azimuthal angular separation, A¢°*, between the electron and the muon. Top
eventa would produce a broad A¢** distribution because of the large mass of the decay-
ing mesons. Bottom production is characterized by peaks near 0° and 180° (Fig. 61). 2
decay, Z — 17 = evpy, produces » peak at 180° because of the low r mass. Figure 82
shows these expected distributions. '
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Fig. 61. (a) The leading order diagram for b production produces b quarks 180* apart in
azimuth. {b) The gluon splitting next to leading order diagram produces b quarks very close
in azimuth.
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Fig. 62. The expected ep asimuthal separation for (a) an 80 GeV/c* top quark, (b) 4 pro-
duction, aad (¢) £ — rr — epwv. -
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Fig. 63. Electron isolation in Monte Carlo samples of (a) 28 GeV/e top, (b) T0 GeV/e? top,
and (c) bb events.

~ Lepton isolation. The isolation of an electron can be characterized by
Er(cone, R =0.7) - E%
I= B

where Ex(cone, R = 0.7) ia the transverse energy deposited in the calorimeter within
a cone of radius 0.7 in n — ¢ space centered on the electron. For top decay (¢ — Wb —
evh), the large top mass results in a lazge separation between the ¢ and b and thus an
isolated electron. In bottom decay (b — ewc), the electron is much closer to the charm
quark and thus less isolated (Fig. 63).

The CDF eu data were selected solely on the basis of E and Pj. Figure 84 shows
why the requirement on both vaziables was > 15 GeV. Only one b background event
was expected above that value for the integrated luminosity collected by CDF (4.1
pb=1). Figure 65 shows the CDF data. The bulk of the data looks like b production
(compare Figure 65b,c,d with Figures 60, 62, and 63). However there is one event with
very large E3 and Pf. The characteristics of this event are given in Table 4. The event
could be from tf decay, but it could just as wel) be a background event. With only one
candidate, positive identification is impossible.

Charge Pr n ¢
- [GeV/c] [degrees)
Central Electron + 31.7]1 038 132
Central Muon - 4251-08 209
Forward Muon + 9.91-20 98
Jet 1 14 1.1 341
Jet 2 5 |-2.8 (1]

Table 4
Chatacteristics of the top candidate event. Calorimeter Ex is used in the Pr column for the
electron and jet clusters.

CDF calculated the upper limit on the ¢ production cross section using the calcu-
lated detection efficiency and Poisson statistics based on one cbserved event. Includ-
ing the event without performing a background subtraction is conservative since it
raises the calculated cross section upper limit. Also included in the calculation are the
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Fig. 64. Monte Carlo predictions for the event rates as a function of the minimum leptoa Pr
accepted.

systematic uncertainties from lepton identification efficiency, the calculated Py distri-
bution for t production, the top quark fragmentation function, and the experiment’s
integrated luminosity. The 95% confidence level upper limit on the cross section as a
function of the top mass is shown in Figure 66 along with the next to leading order
theoretical prediction {47]. The mass limit is taken where the experimental upper limit
crosses the lower end of the theoretical prediction. From this, CDF concluded that the
top masa is greater than 72 GeV/c? at the 95% confidence level.

4.3 it = ev + jeis

The final state containing a single electron plus jets
g9 — it —= WiWD — evlogd

has a combined branching ratio 6 times lazger than that for the ey final state. There are
however experimental difficulties that complicate this search. For Miop S 120 GeV/3,
the probability of detecting all four quark jets is small because the § quarks have low
energy and consequently don’t appear jetlike in the detector. This forced CDF to search
for rvents with an electron, missing Er, and at least two jets of observed Ey > 10
GeV.

There are two major sources of background. The production of § quarks

99 — 3 — eviqqe

produces low Er electrons and neutrinos. Moreover this background can be reduced by
requiring the electron to be isolated {Fig. 67). In this analysis, isolation is defined as the
Er in the calorimeter cells surrounding the cell hit by the electron. The more sericus
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Fig. 65. CDF data from the ep top quark search. (a) The clectron Er versas the muoa Pr .
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momenta requirements.
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Fig. 67. Isolation for electrons with Er < 20 GeV (crdes), a sample that should be largely &
decay. The solid curve is & 58 Monte Carlo prediction, and the histogram is & 78 GeV/¢* top
prediction. The excess data in the first bin is due to residual W and Drell Yan events in the

sample.
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Fig. 68. Diagram producing W + 2 jets.

Fig. 69. Electron Ex versus missing Er for (a) CDF ¢ + 2 2 jet sample, (b) 70 GeV/c? top
Monte Carlo, and (c) W + 2 jet Monte Carlo. The solid (dashed) lines correspond to the locee
(tight) cuts that are applied to the data The trigger requirement, EF > 15 GeV, has been
applied.

background is due to the QCD production of W 4+ jets (Fig. 68). This background
cannot be removed by simpie cuts because the event characteristics are 3o similar to
that of a top quark signal. Rather a statistical method is employed to separate signal
from ba.ckgrouud in the final sample.

The data in the e + > 2 jet sample are lhown in Figure 89a. The concentration
of events at low missing Eor and electron Er near the trigger threshold is due to
the 8} background. The solid line in the figure represents & cut designed to remove
most of this background. For very high top quark mass (> 63 GeV/c?), a tighter
cut (dashed lines) is used to further reduce background. Figure 89b and ¢ show the
expected distributions for a 70 GeV/c? top quark and the W + 2 jet background. The
top signal is concentrated at lower EZ and missing E+ than the W background because
the top quark decays to a virtual W when M, < Mw + M,. Thus the invariant mass
of the final state ey is less than the W mass, and the transverse momenta of the ¢ and
v are smaller than they would be for the decay of an on-shell W. This translates into
an ev transverse mass distribution that is softer than for the W + jet background.

Figure 70a shows the data along with the expected shapes for signal and background.
The data is consistent with pure background. This conclusion depends on an accurate
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Fig. 70. (3) The CDF ev transverse mass distribution for ¢ + v+ > 1 jet data. The solid
curve is the Moate Carlo W + 2 jet shape. The expected distribution for a 70 GeV/c? top is
shown by the dashed curve. The dotted curve is the sum of the other two curves. (b) CDF
e+ ¥ + 1 jet data compared to the Monte Carlo expectation for QCD W 4 1 jet production.

simulation of the background transverse mass distribution. The simulation can be
checked with a similar data sample in which the top quark contribution would be
very small. Such a sample, ¢ + ¥ + 1 jet, is shown in Figure 70b. The agreement
between the data and the background simulation is excellent. The assumption that
the e + v+ > 2 jet data sample is entirely QCD W 4 jet background can be checked
by locking at a number of other variables. Figure 71 shows the 2 jet invariant mass,
the transverse momentum of the e system, and the azimuthal and rapidity ecparation
between the two jets. In each case the agreement between the data and background
simulation is excellent.

To obtain the top contribution for a given top mass, CDF fits the transverse masm
spectrum to

dN
T = oTME) + WM

where W(AM3") and T(M$") sze the shapes of the W background and top signal trans-
verse mase distributions respectively. W and T are normalized s0 that a = g =1 for
the QCD predicted croms sections. The results of the fit are a and 2 along with their
uncertainties. Table 5 gives these results for different assumptions for the top quark
mass.

The data are consistent with the QCD W + jet prediction alone, which has an overall
theoretical normalization uncertainty of 30 - 35%. The results of the fit are combined
with the systematic uncertainties to obtain the upper limit on the {t production cross
section. The major systematic sources are the detector jet energy scale and integrated
luminosity, along with the effects of the underlying event, initial state gluon radiation,
and top quark fragmentation. The 95% confidence level upper limit on the cross section
is shown in Figure 72. At the 95% confidence level, the top quark mass must be
> 77 GeV/e.

4-4. Ertended Dilepion Search

Although the eu final state is the cleanest dilepton channel in which to search for the
top quark, the ee and pyu channels also can be used. In extending the dilepton search,
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Fig. 71. The (a) dijet invariant mass, (b) Pr of the ev system, (c} two jet azimuthal separation,
and (d) two jet rapidity separation for CDF ¢ + v+ > 2 jet data. The curves are from a W +
2 jet Monte Carlo.

Table §

Mtq o ﬁ
[GeV/el]
40 0.07+0.05 | 1.27 +0.14
50 6.06£0.05 [ 1.29+0.14
60 0.1130.08 | 1.26 %0.15
70 0.0070 12 1128 +0.13
i 75 0.00%% 1.28+£0.13
8o o.mﬁ 1.28 % 0.13

Results of the transverse mass fits to the ¢ 4 ¥+ > 2 jet data along with the statistical fit

uncertainties,
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Fig. 72. The CDF npper limit on the top production cross sectioa from the ¢ + ¥+ > 2 jot
data sample, along with the next to leading order theoretical prediction.

we increase the acceptance for the gg — b0 — (1~ and Z — rr — I+~ backgrounds.
More important, however, is & new major source of background, ¢v* and Z — I*/-,
Much of the Z background can be removed by cutting out the dilepton invariant mass
range 75 < M- < 105 GeV/e? (Fig. 73). In addition, we have to make use of the
other discriminants mentioned earlier, missing Er (£r) and A¢™ " (Fig. 74). The
requirements are

Er > 20GeV
20° < AT < 160°

As skown ‘n Figure 75, there are no additional events in the signal region for the
extended dilepton top search. The combined top mass limit from the dilepton searches,
eu, ee, and pp, is My > B4 GeV/c? at the 95% confidence level (Fig. 76).

£.5. Ertended Single Lepton Search

The technique employed in the ¢ + v + jets search cannot be used for high mass top,
since if My,p > Mw + M;, the W from ¢t — Wb is onshell. In this case, the er transverse
mass distributions for signal and background are identical. Thus another discriminant
is needed. CDF chose to look for a  quark in the event. Top events have two § quarks
in each event (it — WiWb — evbedd or pqu"b) whereas the QCD produced W
+ jets background rarely contains b quarks. Here the § quark is tagged through its
semileptonic decay into a muon; & — ure occurs with a 10% branching ratio. The
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Fig. 75. The CDF {a) ¢e and (b) uu data, and (c) simulated 90 GeV/c? top production. The
dashed lines show the cuts applied to the data.
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Fig. 77. The distance in n — ¢ space between a low energy muon candidate and the closest of
the two high Pt jets in (a) the € or 4 + » + jets data sample, (b) a 90 GeV/¢? tf Monte Carlo

sample.

single high Py lepton sample (¢ or u) was searched for the presence of an additional
muon with Pr < 15 GeV/c. The upper limit on P§ was placed both becsuse muons
from b typically have low energy and to avoid double counting with the dilepton eu
and ppu searches. A low Pr muon candidate also had to be outside the cones of radius
0.6 {(in n — ¢ space) centered on the two leading jets. In top decay, these jets would be
from the hadronic decay of 8 W; the § quarks are not usually near these jets. This cut
has the advantage of greatly reducing fake muon candidates. Hadrons can fake muons
cither by penetrating the absorber iron or by decay in flight before entering the iron.
The large hadron multiplicity in jets make the fake muon rate near s jet core rather
large.

Figure 77 shows the distance between the low enmergy muon in an event and the
nearest of the two high Py jets. There are no events with R > 0.6. The CDF top
mass limit from the combined extended dilepton and extended single lepton searches
is (Fig. 78)

Mo > 91 GeV/e? . Q9% CL

4.6. Top Searches at the SppS Collider

UAL searched for the top quazk in a number of channels [49). For the 4 + v + jets final
state, they created a likelihood function to distinguish a top signal from the QCD W
background. Four variables were included: muon isolation, muon Pr, missing Er, and
the azimuthal separation between the muon and the highest Ex jet. Figure 79 shows
the log likelihood distribution for the data along with simulations of the background
and a 50 GeV/c? top quark. From this sample, they found that My, > 52 GeV/e? at
the 95% confidence level.

UA1 also used a likelihood function for their dimuon search, with variables Py,
muon isolation, and the azimuthal separation between the two muons. They found
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Fig. 80. UA2 ey transverse mass distribution for events containing at least one jet. The solid
line ia the fit to the QCD W backgpround shape, while the dashed line includes the signal
expected from a 63 GeV/c top quark

My > 46 GeV/c? at the 95% confidence 'evel in this channel. When they combined
these searches and their earlier work, they set an overall limit My, > 60 GeV/c? at
the 95% confidence level.

UAZ2 performed a search with their sample of events containing an electron, missing
Ep, and at least one jet with Ep > 10 GeV [50]. They fit the ev transverse mam
distribution to & sum of QCD W +4 jet and top contributions (Fig. 80). The resulting
limit from UA2 is Myep > 69 GeV/c? at the 95% confidence level,

5. b} Physics at Hadron Colliders

Heavy flavors provide a window on many important physics issues. The production
process, pp — bbX, is & testbed for QCD calculations since higher order diagrams
make 3 large contribution here and there are a large number of scales in the problem
51] '

Vva>» Pr > My > Aqep

Moreover, the future of electroweak studies using the § system depends on the value
of the total cross section (how many & quarks can be produced) and the differential
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croas sections (how efficiently can the second & in an event be tagged). With sufficient
numbers of § quarks, significant electzoweak studies can be carried out. These include
BB mixing and rate B decays to obtain information about CKM matrix elements,
the search for forbidden decays to investigate extensions to the Standard Model, and
hopefully CP violation in B decay where CP asymmetries may be large.

5.1. b Production

For b production via leading order QCD diagrams (Fig. 81a,b,c), the & and  have
equal and opposite transverse momenta. Valence ¢7 annihilation (Fig. 81¢) dominates
when 2M/./a 2 0.1. At Fermilab Collider energies, this condition is satisfied for heavy
top quark production but not for b production. When 2M,//z <€ 1 (it is ~ 0.005 at
Fermilab}, the two-gluon initial state dominates, and higher order diagrams (Fig. 81d,¢)
can give a lazger contribution than the leading order diagrams. This is due to the large
gluon density at small z, the increased color factor at & 3-gluon vertex, and the cross
section enhancement for diagrams containing t-channel vector exchange.

The dominant higher order diagrams are gluon splitting (Fig. 81d) and flavor exei-
tation (Fig. 8le), which essentially is initial state gluon splitting. Understanding these
higher order production mechanisms is important for at least twe rraroras. First there
is the theoretical interest in understanding higher order QCD processes. Figure 82
shows the dependence of the cross section on the renormalization scale [52]. Note that
contrary to the usual expectation for well behaved perturbation expansions, the de-
pendence is stronger when the aext to leading order diagrams are included. This may
be due to the large next to leading order contribution and the resulting need to include
yet higher order diagrams in the calculation. Second, there is the implication for flavor
tagging the second & in bb events, since the Pr and rapidity correlations between the
b and b are quite different in the leading order and the various next to leading order
diagrams. The prospect for measuring 85 mixing and studying CP violation at hadron
coiliders thus depends on uaderstanding the b production mechanisms.

The major experimental challenge in doing b physics is separating b events from the

b
- b q b
9 5
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b
E 1
b -]
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Fig. 81. (a,b,c) Leading order b prodaction diagrams. (d,e) Next to leading order diagrams.
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Fig. 82. The depeadence of the calculated § production cross section on the renormalization
scale for leading order (dashed curve) and leading plus next to leading order (solid curve)
diagrams.

much more copious light quark background. Since the largest § branching ratio into
final states without a neutrino is only a few percent, most of the studies 5o far have
concentrated on inclusive final states. We will first consider inclusive lepton samples
where the major challenges are separating moderate Pr electrons and muons from
misidentified hadrons, and determining the charm, W, Z, and 9* contributions to the
data samples. Then we will look at the analyses of data samples containing J/¢ -
ptu~ where b production must be separated from other sources of J/9 such as y —
J/% + 7. Finally, we will consider the recent reconstruction of exclusive final states in
b decay.

5.1.1. Inclusive Lepton Channels

The study of b production at hadron colliders was initially carried out by the UAl
collaboration [53). Their primary b physics dats is the inclusive muon sample, chosen
because the thick UA1 hadron absorber allows muon detection in and near hadron jets.
Unfortunately r snd K decay in the jets produces a lazge background. Of their 20,000
events with P; > 8 GeV/¢, approximately 70% are background. This fraction drope
to 35% for P§ > 10 GeV/c. A UA1 focus is the 10 < P7 < 15 GeV/c range where the
decay ba:ksrourd is manageable and the contribution from resonances (W, Z, v*, J/¥,
Y) is small (~ 6%). To separate 36 from cZ, they define the variable P§* = P'sm’...;
where 8, is the angle between the muon and the nearest jet. The Iu;er b mass results
in a larger P}*'. Figure 83 shows the UA1 data fit to a sum of 88, ¢t, and 7/K decay
contnbutwm [54). The UA1 result on the fraction of b5 is

N, 7

—eble. = .76 £0.12
N+ Ng
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decay background contributions. .

in agreement with predictions.

A Monte Carlo simulation is used to convert the measured muon differential croas
section, do/dP§, into the b quark production cross section, do/dP}. The simulstion
uses b jet {ragmentation, semileptonic B branching ratios, and B decay kinematics as
measured in e*e™ collisions. Figure 84 shows the relationship between the observed
muon Pt and the parent b Pt . The resulting b cross section, integrated over the central
three units of rapidity and over Pt above the PP™ plotted, is shown in Figure 85.
The results agree well with the next to leading order QCD calculation.

CDF used its electron data sample to study b production [55]. The advantage is rel-
atively low background; misidentified electzons snd unidentified gamma conversions
constitute ~ 30% for PL > 7 GeV/c. The disadvantage in using electrons is the
difficulty in identifying electrons within jets. However this mostly affects the charm
contribution rather than the 5 signal. CDF selects its electron sample with Pr > 7
GeV/c based on the transverse and longitudinal shower shape, the agreement between
the track momentum and the calorimeter energy, and position matching of the ex-
trapolated track and cluster centroid. In addition, identified gamma conversions are
removed. Figure 86 shows the electron Pr spectrum. The shoulder above 25 GeV/c is
due to W and 7 decay. W bosons are easily removed by requiring that there be small
missing ET in the event; events are removed as Z contamination if the electron and
another high Pt track have an invariant mass near Mz. The electron spectrum after
W and Z removal is shown in Figure 87. The shape agrees well with that predicted by
ISAJET plus the CDF detector simulation. Note that charm is expected to contribute
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3-15% depending on the electron Pr .

As for UAl, the relation between the P3 and P} spectra is obtained from a Moate
Catio study that incorporates the resuits from e*e™ colliders. The CDF cross section
is shown in Figure 88. The data lie somewhat above the upper end of the theoretical
prediction.

Independent evidence that these inclusive lepton events are indeed from & decay
comes from CDF [56]. Their high resolution tracking chamber allows them to search
for resonances near the electron. Since B meson semileptonic decay usually produces
a D meson in the final state, identifying a D near the electron would confirm that the
electron was produced by B decay. Figure 89a shows the B decay diagram. Note that
the K and the ¢ have the same sign electric charge. CDF looked for D — K'x in & cone
(R=1.0) around the electron. Figure 90 shows the D? peak when the ¢ and K have
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the same sign, but no peak when they have the oppodite sign. The number of events
expected in the D° peak is 67 £ 20; 75 + 17 are observed. Figure 91 shows that, for
events in the D® peak, the eXr invariant mase does not exceed Mjp, as required if
these are decay products of & single B meson.

CDF also looked for the charge correlation between the electron and a K from the
decay of s K*. The quatk decay chain » — ¢ — & translates into the meson decay
chain B — e DX — e~ K*X — ¢~ K~2*X. Thus the electron and kaon must have
the same sign charge. This is to be contrasted with an electron from ¢Z production and
decay, ¢€ — qfse~7 7. Here the s and 7 bave equal probability to fragment into & K*.
Thus one would expect approximately equal numbers of same and opposite sign eX
pairs. Figure 92 shows the K'» invariant mass spectrum for the same sign aad opposite
sign eK events. As expected for a data sample that is rich in  quarks, & K* peak of
the correct magnitude is seen in the same sign sample, but no peak appears in the
oppuosite sign sample.

One last check comes from looking for ¢ — KK near the electrons (Fig. 89b).
Obviously there is no charge correlation to look for, but we can compare the rate of
¢ mesons cbeerved in the inclusive ~lactron sample and a control sample, electrons
from identified photon conversions (Fig. 93). A mass peak at the ¢ mass is seen in the
inclusive electron sample, while it is not observed in the control sample. These tests all
give confidence that the inclusive electron data sample indeed is Iargely from b decay.

518 Inclusive J/¥ Channels
B decay into inclusive J/¥ mesons, b — cW* — cTs — J/¥X, with the J/¢y detected
in the u*u~ mode suffers from a very small combined branching ratio

BR(B ~ J/$X) x BR(J/¥ — p*u~) = 0.011 x 0.069 = 8 x 104
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To compensate, there are two advantages to this mode. Dimuon detection provides a
very clean J/¢ signal with little background. In addition we shall see that the majority
of J/¥ mesons come from B decay. The only other significant source of J/¥ is radiative
decay of QCD produced x.. A X, can be produced from the annihilation of two gluons;
at least three gluons must annihilate in order to directly produce a J/¥.

The CDF J/¢ trigger requires two muons each with Pr > 3 GeV/c. The dimuon
tnass spectrum for this data set shows a J/¥ peak with very little background (Fig. 94)
[57]. The fraction of J/¥ coming from either B or x, decay is determined independently
from inclusive J/¢ production and from exclusive final states. For the inclusive analysis,
the fraction of J/¢ that comes from B decay (= F) can be determined in a relatively
unbiased way from the ratio of the inclusive J/y cross section to the inclusive ¥ cross
section. It is assumed in this analysis that ¥ is produced entirely from B decay, since
X« cannot decay into ¥'. Figure 95 shows the ¥’ signal. There are 72 % 17 events in
the peak. This gives for the ratio of the ¥’ to J/y production cross sections

o(¥’) -1
——— = (424 1.0)x1
vy = 221010
When compared with the ratio of the B — ¢’ to B — J/¥ branching ratios measured
by CLEO (58], (6.8 £ 2.5) x 10~?, the CDF result translates into

F = 64% % 15% (CDF stat) + 5% (syst) = 23% (CLEO stat)

for the fracticu of J /¥ coming from B decay. The largest uncertainty is from the CLEO
statistics on the ¢ branching ratio; the second largest is due to the CDF ¢/ statistics.
Both of these should greatly improve in the next year ot two.

5.1.3. Ezclusive Final States

CDF has also studied J/y production by reconstructing exclusive x. and B final states.
To find the former, x. — J/¥ + v, CDF looks for isolated electromagnetic clusters of
Er > 1 GeV with a transverse shower shape consistent with that of a photon [59).
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The best resolution for the J/¥y resonance in obtained by plotting the difference
between the J/¥y and J/v invariant masses (Fig. 96). In this figure, the uncorrelated
background is estimated by reanalyzing the event sample after reversing the direction
of each J/¥. The background not associated with J/¥ production can be estimated
using the u*u~ mass sidebands above and below the J/¥. Figure 97 shows the data
and the sideband background, as well as a Monte Carlo simulation of the signal for the
appropriate mixture of x; and x3. The peak in the data clearly is due to reconstructed
Xe — J/¥ + ¥. From the number of observed events, CDF concludes that ~ 30% of
J/¥ comes from x. decay.
Exclusive reconstruction of B mesons is carried out for two modes {60)

BS — J/$K*® — J/yKx
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CDF looks in a 80° cone around the J/¢ direction for additional tracks. For the B,
scarch, all tracks with Pr > 2.5 GeV/e are considered K candidates. For the By, all
opposite sign track pairs from among the three highest Py tracks are tried; a pair is
used if the X'r invariant mass is within 50 MeV/c? of the K*° mass. Figure 98 shows
the individual mass spectra; the combined spectrum is in Figure 99. Until there is more
data on final state polarization in B — J/¢¥K* decay (it affects the detection efficiency
caleulation), only 8 — J/¥X¥* is used to determine the B production cross section.
CDF finds that ~ T0% of J/¥ comes from B, consistent with the value for F obtained
in the inclusive J/y study. The B cross section is shown in Figure 100. As with the
data points from the inclusive electron sample, the data is somewhat higher than the
next to leading order theoretical predictioa.

5.2. B® — ptp~

B‘u — p*u~ is a flavor changing neutral decay allowed by the Standard Model via
higher order electroweak diagrams (Fig. 101). The theoretical expectations are

BR(BY — utu~) = 1071
BR(B® — p*u=) = few x 10~*
The best published limit comes from CLEO and ARGUS [61]
Br(#? = p*p~) < 0.5x 107 @ 90% CL
UA1 has a preliminary result [62}
BR(BS, — p*p~) <10 x 10 .

The CDF dimuon spectrum is shown in Figure 102 along with the ¢’ peak. Given
the 72 observed ¥ events and the combined B — ¢'X — upuX branching ratio of
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2.8 x 10~%, the lack of a peak in the B region translates into a branching tatio limit of
(63)

BR(BS — utu~)<32x10"* Q90X CL

The limit would be much better if it weren’t for the size of the background in the B
region. With the silicon vertex detector in the next CDF run, the background should be
greatly reduced since candidate tracks can be required to point to 3 secondary vertex.

5.9. B°, B Miring

As is the case in K"J—(’ mixing, the transformation of s b quark into a b is a second
order wesk process (Fig. 103). The diagrams with ¢ quark exchange dominate, and
thus the difference between By, By mixing and B,, B, mixing comes from the CKM
factors, V3 and V3. Since V;, is considerably larger than V4, B,, B, mixing should be
significantly larger than By, By mixing.

Mixing is characterized by

Prob(8° — B')
Prob(B® — 8°) + Prob(8° — B°)

where the physical range is 0 < x4, < } (Fig. 104). The first evidence for BB mix-
ing came from UA1 [64). However in high enetgy Fp coiliders, both B and B? are

X =
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produced. What is actually measured is the combined mixing, characterized by

<. Prob(d — B°® — B — I+)
X = Prob(b — i%)

= fixa+ i Xs

where f4 (f,) is the fraction of 52 (B?) produced relative to all § mesons and baryons
times BR(BS, — 1X)/BR(b — {X). The Standard Model limits can be tested when
the hadron collider results are combined with the measurement of x4 from et e~ data
on the T(45), which gives x4 = 0.16 £ 0.04 [65] (the T(45) cannot decay into B‘,’Ef).
With higher statistics and smaller systematics than shown below, futute Pp resuits
could extract Viy/Vi,.

Mixing is studied with a dilepton data sample, because if both B mesons in an
event decay semileptonically, the lepton signs identify the pareat mesons as BT, BB,
or B B. It should be noted, however, that there are other sources of leptons, most
notably charm. The quantity directly measured in the Pp experiments is

N(H) + N(i=1=)

R= N({+)

where UAL uses their gy sample [66] while CDF uses its ey sample because of the lack
of Drell Yan, J/¥, and T background [67]. UAL finds R = 0.42+0.07+0.03 and CDF
finds R = 0.55£0.0520.04, compared with the predictions of 0.26+£0.03 (UA1 energy)
and 0.23 2 0.08 (CDF energy) if there were no mixing. Clearly mixing is required by
the data. The value of Y can be extracted from R using

(- DNy + [(1-T + ] N
(l-f)’-’-?]”;-fﬁ(l-f)av, + N,

Ny is the number of events in which both leptons come directly from B decay. N,
contains events where one lepton comes directly from B decay and the other comes
from the sequential § — ¢ ~— | decay. N, counts events in which the two leptons come
from ¢Z production. The equation can be understood if you note that in the numerator
the coefficient in front of N, is the probability that one and only one b mixes, while
the coefficient in front of N, is the probability that neither ) mixes or both mix. Also
note that DD mixing is negligible and has not been included. At present, N,/N; and
N./N; are determined from Mounte Carlo calculations. The resuits are

R=

UAl: X = 0.158%0.059
CDF : X = 0.176 £ 0.028(stat) £ 0.025(syst) + 0.032(Monte Carlo)

Figure 105 shows the CDF value rather than a combined CDF and UA1 result because
the uncertainties in the two experiments are highly correlated due to the cornmon
Monte Carlo assumptions. The figure has been drawn with the assumption that b
quarks form By, B,, B,, and } baryons 37.5%, 37.5%, 15%, and 10% of the time
respectively. The Fp and ete™ tesults overlap the allowed CKM region, but the uncer-
tainties are big, In future Fermilab Collider runs, the lazge increase in the number of
detected B events will allow for direct measurement of f; and f, from exclusive final
states and a much more precise measurement of x,.
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6. The Search for Exotic Objects and Prospects for the Future

In this lecture, two separate topics will be considered. First [ will present recent results
from the search for new heavy objects. Then I will change focus from the ptesent Lo the
future and discuse the physics prospects with the extremely high integrated luminosity
that should be provided by the upgraded Fermilab Collider. .

6.1. The Searck for Esotic Qijects

Many objects outside the Minimal Standard Model have been searched for at the
CERN and Fermilsb Colliders. Four of these will be considered here, heavy Z and W
bosons, quark compositeness, and supersymmetric objects.

§.1.1. Heavy 2 Bosons

In many extensions to the Standard Model, there are additional U(1) symmetries and
consequently neutral vecior bosons (2') [68]. CDF has searched ita e*e™ spectrum for
the high-mase peak characteristic of a 2’ (Fig. 106) [69). The integrated high mass
cross section is

-
do
M dM = 4+£1ph
110 GeV/e?
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to be compared to the Drell Yan continuum prediction of 4 pb. The lack of events
above 200 GeV/c? translates into the limit
o
de

d—ﬁdM < 13pé QIRCL

700
The experimental upper limit on the Z* production cross section times the branching
ratio into e*e” is compared in Figure 107 to a calculation assuming Standard Model
couplings to quarks and leptons. For such couplings, additional heavy neuiral vector
bosons are excluded except in the region

Mz > 387 GeV/e® Q5% CL

For models in which Z* couplings to fermions are different than for the Standard
Model Z° ot for which BR(Z’ — ee) is reduced because of other open channels such as
Z' ~ W*+W=, the theoretical curve would change in the figure, but the experimental
curve wouid remain the same.

6.1.2. Heavy W Bosons

Charged heavy vector bosons appear in some attempts to enlarge the SU(2) x U(l)y
gauge group of the Standard Model [70]. In left-right symmetric models, for example,
an additional SU(2)a symmetry produces s heavy right handed W. The best previ-
ous limit comes from the anguiar distribution in polarised p decay [71]. The limit,
Mw, > 450 GeV/ @90% CL, is valid only if the right handed v is very light
(my, £ 10 MeV/ ).
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Fig. 106. The CDF e*e™ spectrum.
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A search for Wq with a much locser m,, constraint (m,, < 1 Mw,) can be carried
out with the /£y transverse mass distzibution in high energy Pp collisions. Figure 108
shows the CDF dats for both the ev and uw final states along with the expected
distributions from the usual W [72]. There is clearly little room for additional sources
of events. The data are fit to the form

dN

EM.? = GW'(MT) + ﬁW(M‘r)
where W/(Mr) and W(Mz) are the expected My distributions for W’ snd W decay
normalized so that a@ = 8 = 1 for Standard Model couplings. The fit is performed for
the range of W’ masses above 100 GeV/c?. The resulting upper limit oa ¢- B(W" — Iv)
places a limit

Mw: > 520 GeV/? Q95% CL
for Standard Model couplings (Fig. 109).

6.1.8. Quark Compositeness
In some attempts to understand the origin of the fermion generations, it is postulated
that tue fermions are composite. However the experimental evidence on the pointlike
nature of the ferrnions requires that such compcaiteness be at a very small distance scale
or equivalently at & very large energy scale. The effect can be parametrized in terms
of & 4-fermion interaction of unit strength between left handed quarks, characterized
by a constant, A, with dimensions of energy (like 1/VCr) [13).

If quarks were composite objects, the inclusive jet production cross section would be
enhanced at high Ex . Figure 110 shows the CDF inclusive jet production cross section
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as a function of Er along with the predictions from lowest order QCD and lowest order
QCD plus a composite-quark contact interaction [74}. CDF finds

Ae > 14TeV QISR CL

The absence of events with Ex > 450 GeV plays an important role in determining the
limit.

If quarks and leptons share constituents, there should be an enhancement in con-
tinuum lepton pair production for large dilepton invariant mass. The CDF integral
e* e~ mass spectrum is shown in Figure 111 along with the predictions from Drell Yan
production and quark-lepton compositeness [75]. The limits on a quark-lepton contact
interaction are '

ApL > 23TeV O5%CL
Al > L1TeV Q% CL

where the —~ (+) limit is for constructive (destructive) interference with the usual »
quark Drell Yan contribution.

6.1.4. Supersymmetry

If supersymmetric partners of the quarks and gluons-exist, they caa be pair produced
via the strong interaction in Pp collisions. If mj > my, the dominant production mode
is pP = §§ — ¢5¢F — 2 jets + Er. If, on the other hand, my > my, the dominant
production mode is pp — §§ — ¢§5¢@7 — 4 jets + Dp. Here I have assumed the
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simplest supersymmetric model in which the squark or gluino decays directly to the
lightest supersymmetric particle (LSP), taken to be the photino which is stable and
virtually non-interacting. In motre realistic models for very heavy squarks and gluinos,
the § and § cascade down to the LSP. This results in more partons in the final state
and consequently less By,

CDF has searched for squatks and gluinos in the sample of events with £r>40 GeV
and two or more jets {76]. The 93 observed cvents are consistent with the rate expected
from QCD production of Z + jets, where Z — vv, 30d W + jets, where W — /v and the
charged lepton is not identified in the detector. The lack of additional events translates
into the supersymmetry limits shown in Figure 112. These limits are for the simpie
supersymmetry model with direct decay down to the LSP. It has been estimated that
the limits are reduced by 10 = 20 GeV/c® when cascade decays are considered.

6.2. Collider Physics with the Fermileh Main Injector

The Fermilab upgrade including the construction of the Main Injector was described
in Section 1. When it is completed, CDF and DO should each be able to collect 1 fb~!
of integrated luminosity during two years of taking data. This assumes that the up-
graded Collider runs at design luminosity and lumincsity lifetime, that the efficiency
of accelerator operstion is as it was during the last data run, and that detector down-
time and deadtime are each held to 10%. For the projections made below, [ assume a
detector with “full” lepton and jet coverage, as expected for the upgraded CDF and
DO detectors. Motreover, the assumed detector ineficiencies are based on the last CDF
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run. This should be improved apon in the future for both detectors.

6.2.1. Scarch for the Top Querk
As we have seen, the current lower limit on the top quark mass is 81 GeV/e? at the
95% confidence level. The indirect evidence based on the consistency of the minimal
Standard Model (2 decay, Mw, v scattering, etc.) provides an upper limit, Miop <
200 GeV/S. However more than a 3o discrepancy with the Standard Model prediction
would be required before the Standard Model would be abandoned. Thus to test the
Standard Model, the top mass range up to 250-300 GeV/c? must be explored.
Detection of heavy top can occur in the Iy +4jet and lyy + 2jet final states, where |
includes electrons and muons. The branching ratio is 30% for the former and 5% [or the
latter, while the detection efficiency is approximately 30% for the single lepton mode
and 25% for the dilepton mode. These efficiencies might in fact be larger, because there
is no need to cut hard on the lepton identification variables. The dominant background
is from W and Z decay into electrons ot muons, so cutting hard reduces signal and
background similarly. Table 6 gives, as a function of the top quark mass, the number
of tf events produced and the number that should be detected in each mode for a 1
J4-! data sample.

Moy | NEPOS L NFT | NS
[GeVieh

100 80,000 <1200 1000

140 15,000 1350 200

180 3300 300 40

220 1000 90 12

260 350 30 5
L300 120 10 21

Table ¢
Number of #7 events that should be produced and detected for & 3 ™" data sample as »

fanction of M.

The number of signal events of course is not the only, or perhaps even the major
considerstion. The sise of the background is also of crucial importance. For the single
charged lepton final states, the dominant source of background is QCD W + 4 jet
production. CDF does not as yet have a large sample of W 4 4 jet events. Consequently
we have to rely oa Monte Carlo simulstions. At the time these estimates were made,
the W + 4 jet calculation was not yet available. We used the W + 3 jet calculation and
multiplied the cross section by a, to approximate the effect of requiting an additional
jet. This is consistent with the CDF cross section ratio (W + 0 jet)/(W + 1 jet) /(W
+ 2 jet)/(W + 3 jet). Figure 113 shows the Er spectrum of the third highest Er
jet for 150 and 210 GeV/c? top as well as for the background. The background jet
Er spectrum is rapidly falling, in contrast to the top decay spectrum which becomes
harder as M, increases. By selecting a jet Ex threshold that increases with Mgy, &
satisfactory signal Lo noise ratio can be maintained over a lazge Moy range extending
to over 200 GeV/S.

If this proves not to be sufficient, & significant improvement in the signal to noise
ratio can be obtained by identifying one or both of the b jets in the event. Low energy
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times the W 4 3 jet spectrum.

leptons from semileptonic b decay can be used to tag b quarks, but a 10% branching
ratio penalty must be paid. A higher b tagging efficiency can be obtained by obeerving
the secondary vertex from b decay. The CDF silicon vertex detector should have a
10-15 4 impact parameter resolution, to be compared to cr = 300x for B mesons. It
is estimated that at least one b jet can be identified in over 50% of heavy top events.
For the dilepton final states, there are two major sources of background to high mase
top. The QCD production of Z + 2 jets followed by the decay Z — ¢e, Z — up, ot
Z — 77 = llyyyy can be essily removed using the dilepton invariant mass, Er, and
A¢". The more difficult background is vector boson pair production, pp — WW +
2 jets — lvw + 2 jets. Again, by choosing a jet Er threshold that increases with M.,
s good signal 1o noise ratio can be maintained over the accessible My, range (Fig. 114)

If these backgroind estimates prove accurate, there should be a significant number
of detected f events (> 25 1+ v +4 jet events and > § /vy +2 jet events per detector)
with gooa mgnal to noise up to My, = 260 ~ 270 GeV/c*. Appraximately 10 single
lepton and a few dilepton events are expected per detector at My = 300 GeV/el.
Thus the entire range allowed in the Standard Model would be covered.

If o signal appears, there are a number of ways that its identity as a top quark can
be tested. The number of events with 0, 1, or 2 identified secondary vertices should be
consistent with two b jets per tf event. The secondary vertex detection efficiency can be
measured with the inclusive lepton data sample, which is mostly from b decay. One can
also lock at the ratio of the gumbers of single lepton and dilepton events. This should
be consistent with two W bosons per event. There can be additional confirmation of
the presence of two W bosons using, for example, the I transverse mass and the dijet
invarisnt mase. Finally, one can see if the production croes section is consistent with the
QCD prediction. The theoretical croas section uncertainty is approximately 20-30%.
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Another important issue is the accuracy with which the top quark mass can be
measured. This question is actively being addressed at present in both the CDF and
DO collaborstions. There are some preliminary estimates; much more will be done
within the next year.

In the single lepton modes, the invariant mass of the W and & jet can be calculated.
However finding the correct jet to match with the W is not easy becanse of the lazge
number of jets in each event. Qne study showed that after making additional kinematic
cuts to restrict the event sample, the W + & jet invariant mass distribution has s 20%
width. This would give a £5 GeV/c? statistical uncertainty for s 200 GeV/e* top. The
systematic uncertainty could be studied using events in which both b jets are identified.
The remaining two leading jets shouid have 3 mass peak centered oo Mw with a width
as predicted by the detector simulation. Other potentially precise techniques are under
study in which the mass is determined by partial or full reconstruction of the ¢ and ¥
(78). Another possibility is to compare the By distribution and the Er distributions of
the lepton, W jets, and b jets with simulation results as a function of top mass.

For the dilepton modes, Baer et al [77] have considered a number of mass estimators.
The beat of these is the lowest reconstructed top mass when the transverse momenta
of the two aeutrinos are varied, but constrained so that the sum equals the observed
Er. They find a mass resolution of 210 GeV/c? for a 200 GeV/c? top mass using this
method.

Finally, comparing the event rate with the calculated cross section provides an esti-
mate of M\, with an uncertainty of < 10%. This of course assumes that the branching
ratio for t — Wb is 100%.

What else can be learned about the top quark once it is discovered? To be concrete,
let us assume that Moy = 150 GeV/cd. A 1 fb~! exposure would then provide 1000
detected single lepton events and 130 dilepton events. The most important study of
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course is the precision test of the Standard Model. This is discussed in the next section.

A large data sample can also be used to search for non-standard decay modes. For
example, the ratio of the numbers of events with oane and two identified secondary
vertices gives a sensitivity to a 10% branching ratio into modes with no b quarks,
like t — W 4 2. More likely is the decay of the top into modes with no W ip the
final atate, sach as t — H*b which occurs in supersymmetry inspired extensions to
the Higgs sector (79). For the case of two Higgs doublets, there are two additicnal
parameters in the theory, the mass of the charged Higgs and the ratio of the vacuum
expectation values for the two Higgs doublets, tanf = vafvy. If Mae < My, the
dominant Higgs decays are to rv and c5, where rv dominates for tanf8 > | and &5
dominates for tand < 1. The branching ratios for t — Wb and t — Hb also depend
strongly on tenf. Typically BR(t — Wb} is 2 10% when 0.1 < tan# < 100, Initial
studies show that tf — HOHb — rrivbd can be observed with good signal to noise
wsing » Kr trigger, secondary vertex identification, and the characteristics of r decay.
From the rate of such decays, the rate of [+ v +4 jet events, and the dilepton to single
lepton ratio, the top quark can be observed if tand > 0.1, with the effect of the Higgs
channel observable over most of this range.

A number of other studies can be done with the top sample. Some fraction of the
1000 events should be fully reconstructed. The decay angular distributions can provide
information on the spin of the decaying object. One can also look at the £ invariant
mass spectrum for resonances such as technimesons. One could also look for particles
produced with the €I, for example third generation leptoquark pairs — tri¥. And
finally one must be prepared for the totally unexpected. The top quark is already
an oddity being the only elementary fermion with 3 masms close to the electzowesk
unification scale. Perhaps the top quark is unique in other ways as well.

6.2.2. Precision Measurement of the W Mass

With & 1 £5~? data sample, more than 10* W — !y events and 10° Z — ] events will
be detected The very large Z sample is critical since it is used to study and measure
many of the soutces of systematic uncertainty in the W maass: calorimeter energy scale,
detector resolution, Py of the W, effect of electron energy leakage on the measured Py
of the », background, and the mass fitting procedure.

The statimtical uncertainty in Mw should be £ 30 MeV/e?. The dominant syw
ternatic uncertainty may well be the imprecise knowledge of the structure functions,
which affects the W rapidity distribution. However the measurement of the W charge
asymmetry will give the needed v to d ratio for the relevant range of z snd ¢2. If no
unexpected new sources of systematic uncertainty arise, it is possible that the W mam
can be measured to £50 MeV/e3.

Such a measurement, coupled with the measurement of M., provides a powerful
test of the Standard Model at the level of clectroweak radiative corrections (Fig. 115).
If the result disagrees with the Standard Model, it is obviously extremely important.
On the other hand, even if it is consistent with the Standard Model, it can provide
information sbout the Higgs mass.

6.2.3. The W Lifetime and Hidden Top

As shown in section 3, the W lifetime can be deduced from a measurement of R, the
ratio of the mumbers of W — I and Z ~— Il events produced. The measurement is
important since the lifetime is a basic property of a gauge boson. Moreover, it allows s
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the Higgs mas. The data point shows the precision possible with 8 1 3™ data sample.

loophole in the top quark search to be closed. If the top decay cannot be detected, for
example because t — H*b — c7b, the usual top searches would fail. This is particularly
important if M,op is between Mz /2 and Mw, since the decay of top into a real Higgs
could then dominate over the decay into a virtual W. However since the W — ¢b
channel is open for such o top quark mass, [{W) would increase. A 1 fb~! data sample
would give a statistical uncertainty in the R measurement of appraximately 0.5% and &
systematic uncertainty of roughly 1%, dominated by structure function uncertainties.
Figure 116 shows how the R measurement could largely close this loophole in the top
quark search.

§.2.4. Vector Boson Psir Production

The rate and angular distribution for ¢§ — W< can provide a messurement of the
anomalous magnetic moment of the W. A 1 /3! data sample will contain spprox-
imately 2000 events with W — v and P} > 10 GeV/c with which to measure the
moment.

For the other vector boson pairs, WW ot WZ or ZZ, QCD background swamps the
signal unless both bosons are required to decay into ¢ or p. After paying the prics
of two leptonic branching ratics, we would only expect to see 5 WZ events and 1 ZZ
event. The WW signal would be much lazger, 125 events, but these events are not fully
reconstructible since there are two neutrinos present. Moreover, there will hopefully be
a lazge background to the WW signal from top quark decay! Although the number of
recoastructed events will be small, the experiment will be quite sensitive to anomalous
vector boson pair production, due either to a failuze of the diagram cancellatioa in
the Standard Model or Lo the presence of WW and WZ resonances predicted in some
models.
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6.2.5. Other Heavy Particles

A very large data sample can significantly extend the search for objects beyond the
Standard Model. Heavy W or Z bosons could be detected for masses up to roughly 1
TeV/c assuming Standard Model couplings. The limits for supersymmetric particles,
technimesons, and leptoquarks should reach 250 — 300 GeV/c?. Both inclusive jet
production and Drell Yan lepton pair production can provide a compouiteness search
up to an energy scale approaching 3 TeV. -

6.2.6. B Plysics _

The croes section for 3 production in the central four units of rapidity is approxi-
mately 1 x 10°** em?. This means that 10'! b events will be produced for o 1 f3~}
integrated luminosity. With an instantaneous luminosity of 3 x 10% em=? — sec™1, the
bb production rate would be § KBs! Even if the acceptance range is limited to |gj < 1
and P} > 10 GeV/e, the event rate would still be 200 Hz, and 4 x 10* 8 events would
be collented.

There are many experimental challezges thzt bave to be met if hadron eollider
experiments are to make a major impact on b physics. Since the § production crom
section is only 25 0.2% of the inelastic Pp croms section and the rate for writing events
to magnetic tape is limited by the bandwidth of the data acquisition system, the
purity and efliciency of the b trigger is critical. This means having Jow Pt thresholds
for e, p, and J/¥ while maintaining & high signal to noise ratio. Of enormous utility
would be fast (~ 10 psec) secondary vertex finding. Another problem is dats storage
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Fig. 117. Moate Carlo imulation of the reconstructed proper lifetime distribotion for 8% —
J/wK* (dats points) and for a cimilar resonaace that decays at the primary vertex.

for very large event samples. This requires efficient online separation of signal from
background and data compaction to minimise the sise of each event. Identification of
b jets is also critical; it requires an efficient secondary vertex detector. But perhape
most important for the observation of CP viclation is flavor tagging of the second
b in an event. Techniques under study ‘nelude K identification, efficient detection of
moderate Py leptons, and very efficient track finding at the secondary vertex so that
the charge of the decaying B can be messured. During the last CDF run, the flavor
tagging effciency was approximately 4% due to the B semileptonic branching ratio, the
muon identification requirements, I-lll; the Limited range of rapidity and Py covered. If
CP violation is to be studied in Pp collisions, the tagging efficiency must be increased
by sppraximately a factor of ten.

The b physics opportunities are extensive. The B, , B, A}, and other b hadrons should
be observed and their masses meascred (a 13 MeV/¢! mass resolution is expected for
the next run). Precision measurements will be made of the individual lifetimes for B,,
By, and B,; a 3% uncertainty is expected in the next run for B, and B, (Fig. 117).
A sensitive search for rare B decay modes can also be carried out. The predicted 10~°
branching ratio for B — uu could be observed. In addition, B — puK, which occurs
through an electromagnetic penguin diagram, should be seen with good statistics. It
is sensitive to M, as well as other new massive particles and provides a measure of
the CKM matrix element V,,.

Direct observation of the interference effects of B, mixing is & major § physics goal.
Figure 118 shows what could be observed with dilepton eventa for X, = At""' =5
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Figure 118¢ clearly shows the oscillations due to B,, B, mixing. The majot challenge
here is to find the best estimator of the B momentum for determining the proper
time of the B decay. Figure 118f shows the degradation of Figure 113¢ if the lepton
momentum is used as the B momentum.

The ultimate goal for Pp & physics is the observation of CP viclation in B decay. Let
us review how this can be done. The unitarity of the CKM matrix for the three known
fermion generations requires

VedVar + ViV + ViaVy = 0

Since Vig & 1, Viy & 1, and with the usual phase convention V;, is positive real and
V.4 is negative real, the equation becomes

Vo + Vi = [VedVal

which is a triangle in the complex plane (Fig. 119). CP violation can result if the
angles aze non-zero. Information on the lengths of the sides of the triangle comes from
semileptonic B decay (Vas, Vis), opposite sign dimuon production in » interactions
(V.e), and B~ mixing (V;4). The angles can be determined by measuring CP violating
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asymmetries in the decay of B and B into CP eigenstates, specifically
a: By —xts-
g: B‘ - vK,
R B, - pk,

To determine whether CP violation as observed in the K system is consistent with a
CKM origin, one could measure the three sides and one angle. Hadron colliders could
contribute to the measurement of Vi4 (8, — B, mixing, rare B decay, top mass) and 3
(CP asymmetry in By — ¢K,). Current data oo the CKM matrix and CP violation
in K decay suggest that 0.1 < #in28 < 1, with 0.34 the most likely value [80]. A future
measurement of this quantity with the vK, final state will have its sccuracy limited
by luminosity (pumbez of events) and the efficiency for tagging the parent as Bor B.
The latter is characterized by

th = ftqv(l - 2“’)’(1 - m’

where €;q, is the effciency for tagging the other B meson, w is the probability that
the tag gives the wrong answer, and the last factor in the equation is due to dilution
from B mixing. Figure 120 shows how this tzanslates into uncertainty in the sin23
determination. An uncertainty in #in28 of 0.33 {0.11) can be expected if the b tagging
efficiency can be improved by a factor of 2 (10) over what is expected in the next CDF
data run.

Studying CP violation in B decay at hadron colliders will be very challenging, but

it appears quite possible.
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